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Abstract

This program was concerned with the synthesis and characterization

of fluorine-containing compounds by novel methods. A detailed study of

the systems X2 + F2 where X = Cl, Br, or I was carried out, pro-

ducing evidence for the new species XF2, X2F and X2F2  as well as

some of the normally unfavored members of the series XF (n=1,3,5).

High resolution infrared spectra of the interhalogen compounds CIF and

BrCl were measured for the first time. The uses of an infrared laser

to produce new species in matrices via multiphoton dissociation and to

open up new synthetic routes in the gas phase have been examined. A new

technique of obtaining infrared spectra of short-lived species has been

studied and its potential evaluated.
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1. INTERHALOGEN COMPOUNDS,

(A) INTRODUCTION

This part of the program was concerned with the preparation, detection and

characterization of unusual interhalogen species. The physical and chemical

properties of the nterhalogens were comprehensively reviewed in 1973 and the

literature published up to 1976 has been surveyed2 . The quality of informa-

tion available for these compounds falls into three broad classes. In the first

group are compounds which are stable, monomeric and whose properties are reason-

ably defined (IF7, IF , CIF5, BrF5, CIF, ICI and IBr), and whose structural

parameters have been determined by precise (e.g. microwave spectroscopy, elec-

tron diffraction or X-ray diffraction) methods. There is a second group of

stable compounds whose properties are complicated by molecular association

(I2C16, BrF3, CIF 3) and for which data for the monomeric species have been ob-

tained by less precise methods. The third group comprises those compounds which

tend to dissociate or disproportionate at room temperature (IF3, IF, BrF and

BrCl), for which only a few data are available. The known properties of tran-

sient or radical species are naturally few.

The major methods for the study of interhalogen radicals have been infrared,

Raman and E.S.R. spectroscopy of the matrix-isolated molecules. Nelson and

Pimentel presented evidence of a T-shaped BrBrCl 2 species and suggested that

BrCl3  and Br3 Cl may also be formed3 . Mamantov et al. reported infrared evi-

dence for CIF2  which implied that this radical was obtusely bent, despite other25 6
work proposing that the isoelectronic radicals Cl3' and Br3 "  are linear.

Infrared spectroscopic evidence consistent with C12F', C12F2  and C12F3 " was

also given by Mamantov et al . and the application of Raman and UV-visible
spectroscopy confirmed the existence of ClF * and lent support to the non-linear

7 2
hypothesis . However no asymmetry or splitting of v was found, which would be

attributable to a Cl-isotope shift, but large unspecified slitwidths were employ-

ed. A second study 8 of the C13  radical indicated that the evidence for its

linearity was mistaken; the bands assigned to it in fact arose from the linear
- 9C13  ion. E.S.R. matrix studies have detected and characterized CIF 4 9

10,11 .11,12 .11C1F BrF and IF
..6 6 6
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(B) MATRIX ISOLATION STUDIES

This work deals with the detection of XF2" , X2F2 and XF interhalogens.

The experimental details, the spectra obtained and their interpretation are con-

tained in Appendix I (Inorg. Chem., 17, 970 (1978)). It is appropriate to dis-

cuss the data and conclusions in slightly more detail. The spectra of both the

diatomic interhalogensI and main group fluorides13 have recently been reviewed,

and the trends in their vibrational frequencies and force constants have been

noted. It is clear that, for the lower oxidation state interhalogens, the force

constant for an X-F bond decreases on descending the group, and that in mole-

cules with two types of X-F bond the shorter bond has the greater force con-

stant. However, it is noteworthy that in the series CIF 5, BrF5 and IF5 both

the force constants for the apical and basal X-F bonds increase on descending

the group.

The most complete data for radical interhalogens are available for the XF2 "

species (Table 1). The trends from ClF 2+ through C1F 2 ' to ClF 2-  are clear-

ly visible. It is appropriate to note that for C1F 2 " V2 and v3 have only

been detected in infrared spectra and v1  only in Raman spectra. A naive

application of "selection rules"implies that the molecule is linear. However the

intensity of v in infrared spectra and V3 in Raman spectra for an XY2

molecule having an interbond angle a more than 1400 may be negligible20 . In

such case a lower limit for a may be calculated using anharmonic frequencies

for v3 obtained by isotopic substitution of the central atom, albeit with a

large possible error as a approaches 180021. Application of this treatment to

ClF leads to a = 136 + 4*. Confirmation of a bent geometry could come from

the observation of a central atom isotope shift for vI  in the Raman effect. In

the case of BrF2 " observation of v3 at 569 cm with isotope splitting leads

to an interbond angle of 152 + 8, the larger uncertainty reflecting the smaller79B 81

shift derived from Br - 81Br substitution. The deformation mode, v29 is ex-

pected to lie considerably below that of C1F 2 " (242 cm
- 1) since the comparable

deformation in BrF3 (V5 9 b1) is smaller by 80 cm-1  than that of CIF 3. It

would therefore be beyond the spectral range of the experiments carried out. The

Raman data obtained for both were disappointing and no band attributable to v1

was detected.

Reasonably complete data were obtained for the X2F" systems (Table 2). The

vibrational modes are listed merely in order of wavenumber, and the potential

• l J
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TABLE 1

Data for XF2 Species

Species Symmetry Observed Frequencies (cm ) Bond Angle f r(mdynA )
(degrees.) r

V 1 V 2  V 3

C1F 2 C2v 807 387 830 100 4.74

4,7
CIF 2  C2v 500 242 578 136+4 2.48

16
CiF D 476 635 180 2.352 w

BrF 2  C2v 569 152+8

BrC1* C2  325

35 C1Fa 773.5 4.562

7BrF 17663.6 4.071

BrCl181 9  439.5 2.832

(a) See section 3(c)
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TABLE 2

Data for X2F Species

Compound Observed Frequencies (cm-l) C

a b
V1  V2  V3

35 C12 F 559 464 270

79Br 2F 507

12F 499

35 CFd 773.5

79BrF 1 7  663.6

IF2 2  618

35 C222 556.9

79Br222  323.2

1222 213.4

a. Largely X-F stretching character.

b. Largely X-X stretching character.

c. Uncorrected for anharmonicity.

d. See Section 3c.
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energy distribution (Appendix 1) indicates that v of Cl2F has largely Cl-F

stretching character, v2  largely Cl-Cl stretching character and v is

almost entirely the bending mode. As expected v2 is much weaker in intensity

than v " In the heavier species v2 will have more X-X stretching charac-

ter and thus become less intense and lower in frequency. v3 for these species
-i

is very likely to appear at less than 200 cm . Thus the failure to observe

V2 and v 3 for Br2F and 12F is not unexpected. The force constants and

bonding for these compounds are discussed in detail in Appendix 1.

Data for the X2Y2  systems are shown in Table 3. In a T-shaped X2Y2

molecule there are three modes of largely stretching character - v1 (a1); v2(a1) ;

and v4(b1 ). Of these v is essentially the symmetric stretch of the Y-X-Y

unit and since the YXY angle is expected to be close to 1800 this will be a low

intensity I.R. band. Similarly v2 will have largely X-X stretching character

and will be weak. Therefore the only stretching mode anticipated to be detected

will be v4, an antisymmetric stretching mode of a close-to linear Y-X-Y

unit. The closest approximation to a well-characterized mode of a stable molecule
23 23 25will therefore be v4 (b1 ) of CIF 3 , BrF and IF5 5. IF is a poorly

4 3 3 53
characterized polymeric solid2 4 and data obtained from it are not strictly compa-

rable. The spectra for these X2Y2  species have been assigned based on the
F

Cl-Cl type structure rather than the alternative Cl-Cl-F model. In the first
F F

place the bands observed fit close-to-linear rather than almost-right-angle

F-Cl-F units. In the latter case the symmetric and antisymmetric stretching

modes would be expected to have similar intensities and different isotope shifts

would be expected. Secondly these are the shapes predicted by VSEPR theory when the
26

central atom is three coordinate with two lone pairs. In such a case the basic

Loordination unit is a trigonal bipyramid with the lone pairs in equatorial sites,

and the more electronegative ligands in axial sites. These rules have found

general application in p-block elements, and for instance all the mixed penta-
26halides of phosphorus and antimony conform to this model . The other possible

type of X2Y2 unit is a loosely associated dimer. Species of this type may be

responsible for the breadth of some of the bands assigned to the interhalogen

diatomic molecules. The shapes that these adopt are not known beyond the fact

that these dimers are polar.27

One last point of significance in this work is that no charged species were

produced in these experiments. The energy of the photolytic sources used was
1insufficient to ionize the halogens or interhalogens employed
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TABLE 3

Data for X2Y2 Species

Compound Observed Frequency (cm- )

v4 (b1 )

35 C12F2 627

79 Br2F 2  554

12F 2  526

7 9 Br2C12  325

CIF 3
2 3  677

BrF 3
23  597

IF3 (solid)
24  480

IF5
2 5  593

BrC11 8'1 9  439.5

This frequency is probably abnormally low due to F-bridging.
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(C) DIATOMIC INTERHALOGENS

In the above discussion of interbalogen radicals, many of the spectra obtained

are related to the vibrational spectra of the halogens and diatomic interhalogens.

However it is surprising to find that some of the spectra available for these species

were obtained at low resolution, and therefore the vibrational and rotational con-

stants are not precisely determined. Three interhalogen compounds, related to those

studied in section B, illustrate this point.

28
The best infrared data available for chlorine monofluoride date from 1951 , in

which work the values of w and w x calculated for 35ClF were 786.34 and
- e ee

6.23 cm , respectively, compared with 783.543 and 5.2046 in this work. The
-I

resolution claimed for this earlier work is 0.4 cm , a high figure for that time,

and this represents some of the best infrared data available for an interhalogen.

The rotational constants have been redetermined from older microwave data more re-
29cently . C1F is, however, a stable compound, albeit very reactive, so that these

spectra are relatively easy to measure.

Bromine monochloride is an example of an interhalogen that exists in equilib-
18rium with its elements; the equilibrium constant for the reaction is 0.15 . The

latest reports of the infrared spectrum of BrCl vapor date from 195418 and

1955 19. These spectra were recorded at low resolution and since there are, in nat-

ural abundance BrCl, four isotopic variants present, only estimates of w ande
w x were given. There have been several low resolution Raman investigations ofee 3-2.3

both the vapor and liquid phases 
30- 32

, and more recently UV-visible absorption
3 3

34
and emission studies have been reported.

Bromine monofluoride presents more difficult problems. It exists only in
35

equilibrium with Br BrF3 and BrF 5  and, since this system contains

fluorides, it is especially corrosive and reactive. All Br-F stretching modes
-l

occur between 600-750 cm and consequently measurement of the BrF vapor-phase

infrared spectrum is difficult because of bands from interfering compounds even

at low resolution. At higher resolutions, when long scanning times are necessary,

the sample composition can vary significantly. The only report of the gas-phase
36spectrum, published in 1959 , employed large unspecified slitwidths. BrF has

37been observed in matrices but appears to be subject to a large matrix shift

The best data arise from a flame emission study (1955)1 7 that gives values of
-i

672.6 and 4.5 cm for w and w x . There is a large scatter in all the

reported vibrational data for this molecule.
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It may be misleading to employ existing infrared spectral data in detailed

comparisons, or to attempt any more sophisticated analyses above those in (B)

above and Appendix I without better data, and therefore the infrared vapor-

phase spectra of these molecules were remeasured. This work was performed in

conjunction with the Department of Physics, University of Tennessee, and is

presented in Appendix 2.
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2. INFRARED LASER PHOTOCHEMISTRY

(A) MATRIX-ISOLATION STUDIES

It is well established that polyatomic molecules in the gas phase at low

pressures may be dissociated by high power infrared laser irradiation, and that
1

this may proceed with isotopic selectivity . There have been several reports
2-8,11,12

of I.R. laser photolysis of molecules isolated in matrices '
I  , and, if

this was a generally applicable technique, it would lead to the possibilities

of discovering more information about modes of disssociation, and, via trapping,

the investigation of novel intermediate species.

Three approaches to this have been reported. The first involved irradi-

ation of the unsaturated complex Fe(CO)4, labelled with 13CO, with a low

power CO laser. In a series of papers 2- 6 it was demonstrated that this mole-

cule was very labile and interconversion of the various conformers, as well as

their selective reaction, were achieved. A key point is that it is thought that

these processes require only the energy of a single I.R. photon.

The second study dealt with irradiation of matrix-isolated SF6 with a

high power CO2 laser 7 . SF6 may be dissociated in the gas phase by irradi-

ating its v band at ca. 940 cm- I, and this process requires 40-60

photons9'1 0 . This can be isotopically selective - i.e. 32SF 6  is dissociated

but 34SF is affected to a proportionately far lesser extent. It was claimed
6

that isotopically selective multiphoton dissociation of SF6, isolated in CO

and Ar matrices, had been detected and monitored by the relative intensities

of the 32SF 6 and SF6 bands at ca. 940 cm 1

The third study was entitled 'SPARCCS'11 '1 2 - single-photon-absorption

reaction chemistry in the solid state. It was claimed that a reaction between

UF6 and SiH4 , and a number of other reactant pairs, was stimulated by irradi-

ation with a low power diode laser operating in the 16p region where v3 of

UF6 occurs. The effects observed were small and required irradiation times of

up to 10 hours.

The claim for observation of multiphoton effects in matrices appeared impor-

tant and therefore a detailed study of several systems was undertaken. The

results obtained are summarized in Appendix 3 (J. Amer. Chem. Soc., 100, 6526

(1979)). The published paper contains only brief details of this work and it

will be discussed in more detail here.
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Of immediate interest to this project is the claim by Ambartzumian et al7'8

to have observed selective dissociation of 32 SF in argon and carbon monoxide

matrices using a carbon dioxide laser operating in the 940 cm 1 region. They

estimated that each molecule absorbs energy corresponding to about 150 quanta

of CO2 laser radiation. We were surprised that no dissociation products were

detected using infrared spectroscopy since vibrational data are available for

the likely products (SF4 13, S2F1 0 14, SF515 ). A reported decrease in absorption

due to 32SF 6  from about 95% to about 55% would be expected to yield photo-

products having substantial absorbances.

A systematic series of experiments was, therefore, carried out involving

CO2 laser irradiation of SF6 in both argon and nitrogen matrices. Spectra

similar to those published by Ambartzumian et al7,8 were obtained but we do not

believe that they represent convincing evidence for dissociation. Furthermore,

analogous experiments were performed with other matrix-isolated species, in both

inert and reactive matrices, and similar negative results were obtained. The

systems studied are listed in the table of Appendix 3.

Figure 2.1 shows the infrared spectrum of SF6 suspended in a nitrogen matrix

in the region of v3 (tlu,), the infrared active sulfur-fluorine stretching mode.

The absorption at 938 cm arises from 32SF 6 and that at 921 cm from
34SF Natural abundance sulfur has an isotopic composition of 32S 95.0%,
33S 0.76% and 34S 4.22%. The matrix sample ratio employed here was 42,000/1,

the most dilute used in this study, and under these conditions no bands attribut-

able to aggregate species are detected. After subjecting this sample to photo-

lysis (100 pulses, 1 J per pulse unfocussed, P(26) of 00I-i00 l = 938.7 cm- )

32 34the absorption due to both SF6 and SF6 decreased uniformly and no bands
arising from new species were seen in the range 2800-200 cm . The matrix,

which was "glassy" after deposition, had a "frosty" appearance after photolysis.

Aabartzumian at al 7 8 note that the absorption peak of 32SF 6 exhibited a red
-l

shift of about 2 cm . We did not observe this effect but note that the half-

width of the band is smaller after irradiation. We also noted that the contour

of this band in both argon and nitrogen matrices changed on annealing; the band

contours are complex because of (a) low site symmetries leading to a partial

lifting of the degeneracy of the tlu mode (b) possible multiple site effects.

Our observations suggested that these results are simply a reflection of evapora-

tion of the matrix (plus solute), perhaps with a slight isotope selection effect.

In more concentrated matrices (SF6/N2 1/1000-1/2000) the spectra obtained

are complicated by agf-regation effects. Small absorbances are seen at 949 and
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A

ABSORBANCE ()

960 910 v/cm1

Fig. 2.1

SF6:N 2  1:42,000

(i) Before photolysis
(ii) After photolysis
Note: Vertical scale is the same for both spectra.
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-i -i
944 cm on the high wavenumber side and 929 and 926 cm on the lower side

of the main band. After annealing these matrices at 26 K the high wavenumber-i -
bands merge into the shoulder of the 938 cm peak and the 929 cm-  band grows

at the expense of the feature at 926 cm . SF6 (0.76% abundant) makes a
-i

small contribution to the intensity of the band at 929 cm . These more con-

centrated matrices are more susceptible to damage during photolysis so that for

comparable initial absorbances greater evaporation is observed per pulse the

more concentrated the matrix. When pure SF6 was used a few pulses caused

almost complete evaporation, despite the high sublimation point (-64*C) of the

pure substance. When the laser beam was focussed to a 'line' about 1 mm x 5 mm

one pulse is sufficient to vaporize totally the illuminated portion of the matrix

in both dilute matrices and those with low total optical densities. Prolonged

photolyses caused the cesium iodide substrate to fracture. In all of the above

cases no absorbances attributable to photoproducts were observed.

Possible reasons for this failure are:

1. Recombination of fragments produced if these products are held in a tight

matrix 'cage'.

2. Photofragments are produced but are vaporized along with the matrix.

3. SF6 molecules do not absorb sufficient photons to be dissociated because of

(a) low laser power and/or (b) anharmonic effects.

4. Vibrational relaxation to the matrix occurs rapidly, also causing thereby

local heating and vaporization.

Of these possibilities, (3) may be discounted on the evidence presented by
7,8Ambartzumian et al '. No quantitative data are available to sustain (4) but

in this connection we found that pure solid transmits even a focussed laser beam
-I

with no damage, as does any matrix if the frequency of irradiation is > 10 cm

removed from absorption band. It would be difficult to test (2) but a series

of experiments was performed to investigate (1).

Nitric oxide was used to trap possible radicals produced by photolysis of

NF3 and N2F4' and the possible reaction

hv
NF + 0 . NOF + 02

IR laser

Vas also investigated. No evidence was found for production of photoproducts,
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(the matrix isolation infrared spectra of these compounds are well known
16-19).

Furthermore, when irradiating N 2F4 at a frequency corresponding to v8 absorp-

tion of the gauche isomer, no change in trans:gauche conformer ratio was found.

We tentatively concluded that although we could not duplicate the results

of Ambartzumian et. al.7'8, they may be due to the differential evaporation of
32 34SF6  and SF6 from the matrix under special circumstances. Two papers pub-

20,2
lished almost simultaneously with ours 20 '2 1 and further studies that appeared

soon after have contributed to the understanding of these effects.
20

Davies et. al. demonstrated that the apparent isotope enrichment is

caused by deviations from Beer's Law arising from partial ablation of the matrix.

Irradiation of only part of the matrix, or of the whole with a non-uniform beam

(characteristic of the output of TEA lasers under usual conditions), causes a

non-uniform sample to be produced. These workers also observed no dissociation

products, and presented the hypothesis that efficient vibrational relaxation by the

matrix host would prevent efficient ladder climbing by the guest.

21
Jones et. al. subsequently demonstrated that I.R. laser irradiation at

moderate powers does cause evaporation of guest SF6 molecules from the matrix,

but that 34SF 6 molecules evaporate at the same rate as 32SF 6 when only theSF6 6raitd hysgetta 2F

latter are irradiated. They suggest that SF molecules distribute their

energy (i.e. vibrationally relax) to other guest molecules which can then

migrate to the surface and leave the matrix. The same group demonstrated in an-
22

other paper that in the case of the UF 6-SiH4  'SPARCCS' experiment the in-
duced reaction is caused by near-I.R. radiation from the spectrometer's Nernst

glower and not from 1 6p I.R. laser radiation. The most recent contribution to

this field has shown that in two specific cases I.R. laser photolysis does not
23

induce cis-trans isomerization in stable molecules .

At this point it appeared that the only bona fide I.R. laser matrix photo-

lysis results were those of Turner et. al.2-6 on the labile and reactive

Fe(CO)4 systems where it is entirely plausible that absorption of only one T.R.

photon could cause isomerization. At this point our work in the photolysis of

molecules already in matrices came to an end.

Some experiments were performed to investigate the effect of photolysis of

the gas sample during deposition. The matrix/sample mixture (N2/SF6 1/2000)

was passed down a 70 cm long copper tube, 3.5 cm in diameter, connected by

1.25 cm tubing though a ball valve to the cryostat shroud. In a typical experi-

ment the mixture was deposited over 30 min., during which time laser radiation
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-i
at 944.2 cm , 2 J per pulse, was directed down the tube. This failed to pro-

duce any compounds other than SF6 in the matrix deposit although there was a

slight enhancement of 34SF6' This is attributed to the low duty cycle of the

laser (max. rep. rate - 1 Hz, pulse length up to 2 ps), and the possibility

that reactive radical species produced could be absorbed onto the walls of the

tube and valve.

In order for an experiment of this type to be sucessful several modifications

would be required. An approach would be to employ pulsed deposition using automat-

ically controlled valves synchronized to the laser pulse so that deposition

occured only when the laser was 'on'. The laser beam could be directed across the

substrate used, inside the high vacuum chamber, so that radicals produced could

not diffuse to the walls. A system or this type is described in the literature24

for use with U.V.-visible flash photolysis apparatus.

EXPERIMENTAL

A closed-cycle Cryodyne 350 refrigerator was used, whose temperature was

monitored and controlled to within ± 1 K using a Cryogenic Technology Inc. digi-

tal electronic temperature controller in conjunction with a gold-chromel thermo-

courle and resistance heater. Matrix mixtures were prepared in a stainless steel

vacuum line well-passivated with chlorine trifluoride (Matheson 98%). In most

cases gas mixtures were prepared and deposited from a single mat,ifold. In the

case of the NF3/03 experiments the Ar/NF 3 and Ar/O2 mixtures were prepared

separately and only the Ar/O2 mixture was passed through the microwave dis-

charge. A Raytheon Microtherm Model CMDIO microwave generator supplied a

maximum of 125 W at 2450 mHz. The energy was directed through an Evenson-

type cavity, to generate a discharge in a 0.5 inch Pyrex tube. Between the

discharge zone and the cold plate was a imm diameter orifice. Infrared spectra

were recorded on a Digilab Model FTS 20 Fourier transform spectrometer. A

Lumonics TEA 103-2 CO2 laser was operated in the 10.6 p region with an energy

of 1-3 J per pulse. Output modes were monitored using an Optical Engineering

Model 10 R spectrum analyser.

(B) GAS PHASE STUDIES

The object of this phase of the work was to investigate the possibility of

synthesizing NF 4BF 4  using an infrared laser. I.R. laser irradiation of the

reactants isolated in matrices had been planned but the work reported in

section 2(A) above indicated that this was unlikely to lead to any reaction.
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NF 3 has two gas phase bands that fall in the operating range of the CO2

laser. v1 (a1 ) has PQR structure and is centered at 1032 cm -
, while the

stronger v3  (e) has a perturbed PR structure and is centered at 908 cm-.

NF3 was irradiated using the CO2 laser tuned to P(34), P(36) and P(38) of

the 00*I-02a0 band, corresponding to 1033.48, 1031.46 and 1029.43 cm-i
-i

and also with several lines around 925 cm The laser operates at only very

low power below 925 cm , and therefore irradiation of the more favorable

P branch side of v3 was not possible and most experiments were concerned with

the irradiation of the v 1 band. Irradiation of NF3  alone, NF3 + H2 and

NF + BF + F produced no spectroscopically detectable changes. Neither F23 3 22
nor BF3 have any infrared absorbing bands in the CO2 laser region (approx.

1080 - 920 cm - ) so that initiation of the NF3 + BF + F2 reaction in a
3 3 2

direct manner with CO2  laser photolysis appeared to be impossible.

N2F4  is known to suffer dissociation when irradiated with CO2  laser

radiation at 944 cm-  in the gas phase at low pressures, producing NF" 25

2
This suggests a second approach to laser synthesis of NF 4BF Because the

first step in the production of this compound by conventional U.V. photolysis

is the generation of F •, the following sequence should be possible:

N F hv 2NF2 4 I.R. laser 2

NF' + F2  - NF 3 + F.

F" + NF - products

The I.R. photolysis of a N2F 4 mixture produced almost complete conver-

sion to OF3 in a few flashes. Therfore the I.R laser photolysis of a

NF3 + BF3 + 2F2 mixture was examined, and the progress of the reaction monitored

spectroscopically, and via the pressure drop. Whereas conversion of N2F 4 + F2

to NF3 proceeds with no decrease in pressure the formation of NF4 BF4 will

cause a decrease. In a few flashes the N 2F4 concentration decreased and that

of NF3 became substantial, and then a slow pressure drop and parallel loss of

BF3 occured. It is probable that the photolysis of the residual N2F4 was

producing F" (as above) which then initiated the formation of NF4 BF4. The

initial rate of conversion per flash of reactants into NF4 BF4 was only 0.2%.

After extended photolysis (e.&. about 4000 flashes) traces of a white powder

could be detected in the cell.
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This technique is clearly severely limited. Assuming a gas cell of conven-

tional size (2.5 cm diameter, 10 cm long) an initial pressure of 100 torr (i.e.

25 torr NF 25 torr BF and 50 torr F2 ) and a 100% conversion then
39 ~ 32

7.2 x 10- 5 moles of product would result, corresponding to 12.7 mg. However

even these are optimistic figures because 100 torr is a high pressure for N F

multiphoton dissociation (it is more likely that thermal processes were mostly

responsible), and in no case was more than a 10% loss of BF3 observed. Never-

theless after many cycles of photolysis, cell evacuation and refilling, a small

quantity of greyish powder was removed from the cell under inert atmosphere con-

ditions, and sealed in a glass tube for Raman spectroscopic examination. It was

anticipated that the sample would be contaminated by nickel and copper fluorides

from the cell walls so that an X-ray powder investigation would be troublesome.

The weight of the sample was estimated visually to be about 1 mg. Recording

a Raman spectrum of this sample was difficult owing not only to its small size,

but also its contamination with dark particles presumed to be copper and nickel

fluorides. No spectrum corresponding to that of NF4 BF4  could be obtained. The

same sample was subsequently examined as an AgCl mini-pellet but again no

features assignable to NF BF were observed.
4 4

The claim that NF4 BF4 was produced therefore rests upon the circumstantial

evidence of pressure drop and decrease in amount of BF3. Whether it was or was

not produced it can be concluded that this procedure is slow and inefficient

compared to U.V. Photolysis (see Section 3) and that further investigation of

a method involving IR laser photolysis is not profitable at this time.

The case of NF4BF4 production is not entirely typical, because of the low

yield in the system, so that it is misleading to draw conclusions for the pros-

pects of I.R. laser photochemical synthesis from this one case. In others the

yield (conversion per flash) may be large and a pressure of about a torr of

product can be made per flash. However the restriction of working at low pres-

sure remains. To investigate this a qualitative study of the I.R. laser

photolysis of hexafluoroacetone (HFA) was undertaken. At low pressures (1 torr
-l

or less) photolysis of HFA at 970.56 cm with about 1J per pulse unfocussed

produced only C2F6 and CO. At higher pressures products (C2F4  and CF3CFO)

that are formed in thermal decomposition appear. Addition of a foreign gas (e.&.

H2) at low pressures can give rise to new products (e... CF3H) but as the

total pressure rises, the conversion per flash falls until, at a total pressure

of more than 200 torr, the reaction is completely quenched. The absorbing mole-
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cules suffer collisional deactivation before enough photons can be absorbed for

dissociation.

Thus these limitations may preclude the application of I.R. laser photo-

lysis in bulk systems unless one particular compound, isomer or isotopic

variant is inacessible by usual syntheses. It may be of application where

selective reaction of a small quantity is required - e.&. in removing trace

quantities of contaminants or in doping processes.

An example of the preparation of a small amount of an isotopically substi-

tuted compound is the synthesis of 13CF2 = 13 CF2  It was of interest to

Dr. T. F. Williams of this Department to obtain a small quantity of this material

in order to extend ESR studies of C2F4  , and all attempts to prepare the

isotopically enriched substance by conventional thermolysis had failed. The

infrared laser photolysis of gaseous CHC1F 2 has, however, been shown29 to pro-

duce C2F 4 and HCl cleanly.

The study of the laser photolysis of CHC1F 2 showed that the reaction

proceeded at pressures up to 100 torr, rendering its use in small-quantity
-1li

synthesis feasible. The CO2  laser frequency used was 1088 cm , on the low

frequency side of a band centered at 1114 cm , which has a complex contour.

This band was originally assigned 30 as the antisymmetric (a") CF2 stretching

mode, but as a result of later Raman
3 1 ,3 2 and matrix-isolation infrared studies

33 ,

Milligan et al. 33 reassigned this band as a coincidence between the symmetric

(a') and antisymmetric carbon-fluorine stretching modes.

Natural abundance CHC1F 2 was prepared from CHCI 3 by reaction with an

34 3SbF 3/SbCl5 mixture at 60°C for 40 minutes . The resulting gas was condensed

upon NaOH and CaCl 2 in order to remove acidic gases and for drying. The

infrared spectrum of this gas indicated that the major product was AHCIF 2, with

small quantities of CHF 3
30 , CO2, COClF

35  and SiF4  also present. Treatment of
1 3CHC1 3 (Merck) in a similar fashion produced largely 13CHCIF 2, and small

quantities of 13CHF3, 13CO2 9 13COCIF and SiF 4.

The conditions used for the photolysis of 13HClF2 were not optimal, but re-

presented the results of several compromises, since it was not possible, given the

small quantity of material availaile, to perform a series of experiments to deter-

mine the best procedure. Because the infrared spectrum of CHC1F2  is different

from that of the 12C isotopomer, and the performance of the IR laser changes

from line to line, the conditions used for photolysis of the 12C compound will

not be necessarily suitable for the 13C compound. In particular, the laser

power and energy density were maintained at lower values than could have been used,
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to ensure that there was a low possibility of damage to the infrared cell windows,

which could result in the loss of the precursor or product. It was also desir-

ble to use a comparatively high pressure (50 torr) of gas in the cell to elimi-

nate the need for its frequent emptying and refilling. The use of such a pressure

implies that the process is essentially thermal rather than collision-free

unimolecular decomposition.

13
Typically 50 torr of CHClF were placed in a Pyrex IR cell equipped

2
with greaseless valves (Kontes) and aluminum end pieces, to which KBr windows

were sealed via Viton o-rings. The cell was 2.5 cm in diameter and 10 cm

long. The infrared spectrum of the gas was taken, and the sample was then irradi-

ated with up to 1000 IR laser flashes at 1078.58 cm- 1 (R20 of 00°i-O2o0)

with an energy of 0.7 to 1.0 J per pulse, most of which was contained in a

100 ns wide FWHM pulse. The approximately parallel beam, 1.2 cm in diameter,

was arranged so that it passed through the center portions of both KBr windows

to minimize wall reactions. After photolysis the IR spectrum of the cell con-

tents was recorded, and then the products were pumped out, and the cell was

refilled.

The extent of the reaction was monitored by appearance of C2 F The spec-
12CF 12CF

trum of =CF2  CF was recorded at differing pressures in the photolysis cell,232 36

and the pressure was correlated with the height of the Q-branch of v12 (b3 u36

at 555.5 cm - . The sample of C2F4 was obtained from PCR, and pressures

were measured using MKS Baratron (0.1 to 10 torr) and Heise (10 to 50 torr)

gauges. This bend shifts to 552.0 cm-  in CF CF and it was assumed that
2 2

the absorption coefficients for the two isotopomers were identical. After 5

fills of the cell it was estimated, using this method, that approximately 50 torr

of 13CF2 13CF2 had been produced, representing a 40% conversion. This is not

as great as could have been achieved unde- optimized conditions. (It is worth

noting that the starting material was only 90% enriched in 13C, but unlike

other procedures it is expected that this will increase the enrichment, because

the absorption of 12CHCIF2 at the frequency used is vwry small compared to that

of 13CHCIF Because this is a thermal process this 'extra' enrichment factor

may not be large. The products were not examined mass-spectroscopically to test

this thesis.) One improvement implemented in a subsequent experiment was to ab-

sorb chemically the HC produced during photolysis, since it competes for the

CF2 produced, ultimately limiting the extent of reaction 
2 9 . Sufficient

13 2 13 37
CF2 - CF2 was produced for several ESR experiments , and to record infra

red spectra of its stronger IR bands.
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3. LOW TEMPERATURE SYNTHESIS

The object of this phase of the work was to investigate low temperature synthe-

ses of NF4 BF4 and the mechanism of the formation of that compound by photolvtic

methods. There have been several descriptions of preparative methods of NF4

salts including use of high pressure and temperature 1 , low temperature - irradia-
3 4,5 .6,7tion , low temperature glow discharge4 '

5
, metathesis and low temperature UV

8,9
photolysis '

9 . The most successful method appears to be low temperature UV photol-
. 9

ysis , in which NF3 and BF3 were condensed at 77K into a pan-shaped quartz

reactor, and F2 added. Photolysis was achieved using a GE BH-6 lamp filtered

merely through a quartz plate. However such a static system suffers from a low

quantum yield (0.015), initially ascribed6 to the build up of product on the re-

actor walls blocking the UV radiation, but subsequently 9  to the low thermal

stability of some of the intermediates.

It was felt that UV photolysis using the rotating cryostat at 77K would

eliminate the problem of product build-up, since fresh reactants are deposited on

top of the product using this system, and that solid and matrix-isolation studies

at 15K could enable intermediates to be trapped and studied, even if they did have

low thermal stability. There has also been considerable discussion of the mechan-

ism of the formation of NF4BF48,10-12 and characterization of any intermediates by

vibrational spectroscopy would aid in its elucidation. The nature of the studies

was determined by the physical properties of the precursors at 77 and 15K,

respectively. At 15K NF3, BF3, and F2 are all solids with very low vapor

pressures, but at 77K although BF3  is still solid, NF3 is a liquid with a vapor

pressure of about 10 torr and fluorine is a liquid with a pressure of over 400

torr. Both of these are higher than the normal operating pressure of the rotating

cryostat - (10-6 torr).

Figs. 3.1 and 3.2 show the effect of UV -visible photolysis upoi a 1:1:1

mixture of NF3,BF3 and F2 condensed onto a CsI plate at 15K in a conven-

tional closed-cycle cryostat. Trace (a) is a spectrum of the solid mixture, (b)

that obtained after 15 mins. photolysis, (c) that after 15 mins. further photoly-

sis and d) that of the solid material remaining after the cryostat had warmed to

room temperature and the volatile materials had been puniped away. The photolysis

source was a GE BH-6 high pressure mercury lamp and no filtering, other than that

of the quartz plate on the cryostat shroud, was used. Trace (d) corresponds to the

previously reported IR spectra of NF 4BF43,9,13 (taken as powder between

AgCI plates) with the exception of small bands at ca. 1090 and 610 cm- I which

arise from atmospheric attack upon the outer (shroud) CsI windows, and which
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may be seen in all the spectra reproduced in this section. Fig. 3.3 shows the
-i

spectrum of a thinner deposit in the 1200-1000 cm region, in which more detail

is evident.

Some spectral changes can be seen in traces (b) and (c). The bands produced

have not been given definite assignments, but possibly arise from intermediates

produced in the course of the reaction. The data are summarized in Table 5.1.

Assignment of the bands is difficult because of their breadth and possible compli-

cations arising from perturbation by their neighbors and aggregation effects. In

order to obtain better data, in which for instance, 1 0B-11 B and 14N-15N isotope

shifts might be resolved, enabling bands to be assigned, this reaction was studied

in the matrix-isolated state. In a typical experiment a mixture of 1:1:3:400 of

NF 3:BF 3:F 2:Ar was deposited at 15K. Figs. 3.4 and 3.5 compare the spectrum of

this mixture to that of the pure solid mixture previously obtained. This sample

was subjected to uv-visible radiation from the BH-6 lamp at both 15K and 30K,

the higher temperature being used to facilitate migration of F" within the matrix.

In none of these experiments was any significant change observed. Figs. 3.6 and

3.7 show spectra of this deposit before and after extensive photolysis, including

15 mins. at 30K. The slight changes in band shapes and intensities result from

annealing.

The second approach to the synthesis utilized 77K, a temperature readily

attained in the rotating cryostat using liquid nitrogen as the coolant. Because of

the high vapor pressure of F2 at 77K, ClF, a nonvolatile solid at this tempera-

ture, was used as the fluorine atom source. Initial studies were made using 1:1:2

mixtures of NF39 BF3 and ClF, but the liquid nature of NF3 and its consider-

able vapor pressure demanded the use of a mixture more concentrated in NF3 so

that losses of it could be tolerated. (The cryostat was not pumped on during

deposition or photolysis in this set of experiments, and the pressure in the cham-

ber rose from 10- 7 before deposition to ca. 5xlO -3 torr afterwards.) A typical

experiment entailed deposition of the mixture while the drum rotated at ca.

100 r.p.m. with simultaneous unfiltered BH-6 photolysis. A sequence of spectra

obtained in this manner are shown in Figs. 3.8 - 3.11. Figs. 3.8 and 3.9 show

spectra taken after deposition / photolysis and after some of the volatile material

had been pumped off, and Figs. 3.10 and 3.11 show spectra taken after the cryostat

had warmed up and all materials volatile at room temperature had been pumped away.
-i -I

A band can be seen at 1040 cm , distorted by a window feature at 1090 cm , but

assignment of this to NF4 BF4 is uncertain. The other major feature in the spectra
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-l
is a group of bands at around 2900 cm arising from the oil used to lubricate

the rotating seal. For comparison on a spectrum of this oil, recorded later as a

thin film between Csl plates, is shown in Figs. 3.12-3.13, and it can be seen

that some of the minor features in Figs. 3.9-3.10 are also due to this oil.

Gradual wear of the o-rings in the seal during extended rotation permits leakage

onto the drum and, on subsequent warm-up, onto the optical surface.

Neither the reasons for the failure of the matrix method nor the poor results

from the rotating cryostat are immediately obvious. A common problem in matrix

photolysis is the 'cage effect' in which photoproducts cannot escape from the

immediate enviroment in which they were created, and they therefore suffer recombi-

nation. However, our work in section 1, as well as that of others, has demonstrated

the migration of F" in matrices, and raising the matrix temperature should enable

easy motion of F. A possible rationalization is that, in this case, it is

energetically more favorable for F-atom recombination to occur than for addition

of F" to NF Even if NF* were formed, it is probable :hat in the matrix its
3* 4

nearest neighbour would be F" rather than BF and a facile back reaction is
3,

possible. Put alternatively, in a condensed phase, the reaction may require the

close proximity of NF3, BF3 and F2, a situation which is not realized even in

matrices as concentrated as those used in this study. The concentration of such

clusters may have been too low. The failure of the rotating cryostat studies may

reflect a 'mixing' problem - i.e. despite depositing a homogeneous gas-phase mixture,

separation may occur rapidly at 77K, and the intimate mixture necessary for the

success of the reaction may not be present.
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4. TIME RESOLVED SPECTROSCOPY

The major methods for the study of radical species have been matrix isolation
1 2

spectroscopy , gas-phase UV-visible spectroscopy , and, recently, laser-magnetic
3 4

resonance and laser-electric resonance spectroscopy . The latter two techniques

are capable of providing detailed information but are only operative in small

spectral ranges. Thus in cases where there is a little information from UV-visible

spectroscopy it is necessary to rely upon matrix isolation frequencies, which are

frequently subject to large shifts from those found in the gas phase I
. It would

therefore be of great value to develop an infrared method for detecting radical and

transient species in the gas phase, which covers a large frequency range. Infrared

gas phase methods have not been popular largely owing to the weakness of infrared

emission and absorption, the poor performance of IR detectors and the lack of a

multiplex IR detector equivalent to a photographic plate, or array detector. The

development of fast, sensitive IR detectors and IR multiplex methods have par-

tially solved these problems.

A time resolved technique based on interferometric methods has great potential,

5since it will benefit from the 'advantages' of the method . It should therefore be

possible to obtain a high resolution spectrum of a transient over a wide range,

which should enable unequivocal assignments to be made in systems not previously

studied. A method for time resolved IR spectroscopy was developed in the early

seventies using a step scan interferometer The principles of this technique
~9,10

have been adapted to rapid scanning interferometers and Digilab Inc. now

markets a commercial device for use with its FTS series interferometic spectrome-

ter I
. Details of the operation of this time resolved unit are given in Appendix 4,

but here it can be noted that spectra can easily be obtained at 200, 400, 800, and

1200 ps intervals, and with suitable equipment it may be possible at 25 Ps

intervals.

Mantz 910claimed observation of the HCO radical and ketene (CH2=CO), produced

by the flash photolysis of acetaldehyde and acetone, respectively, using this method.

A Digilab 'TRS' unit was acquired for use with this laboratory's FTS 20 and

Digilab kindly loaned this group some of the ancillary equipment used by Mantz. The

initial plan was to repeat the work of Mantz on NCO10  to confirm the viabilitv of

the technique, and then investigate the mechanism of certain photolytically Induced

halogen reactions, with special emphasis upon the formation of NF4 BF4  in the gas

phase. However detailed studies showed that the original work of Mantz was in error,

and that he had not observed any transient species, but had produced spurious spectra
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in the course of his experiments. A paper describing the mechanism by which this

error occured and outlining the experimental constraints in TRS is attached as

Appendix 4. (Appl. Spectrosc., 34, 399 (1980)).

One of the major problems in the work of Mantz was the choice of compounds,

(acetaldehyde and acetone), that are not greatly photosensitive so that, using

the flashlamp available, only a very small quantity of products result - too small

to be detected by infrared spectroscopy. In attempts to overcome this, several

compounds were considered, and preliminary experiments performed. These were

CF3 COCF3, known to give CF*; CF3NO , an exceptionally photosensitive compound
known to produce CF', (CF3)2NO* and finally (CF3)2NONO; and a mixture of

Cl2 + 02* The photolysis source available could not, in any of these cases, generate

sufficient products for the experiment to succeed, but the latter two systems appear

to offer the best prospects. A quantitative evaluation of these systems was not

possible because Digilab requested the return of the photolysis source and insuffi-

cient funds were available for the purchase of a suitable replacement unit.

The requirements for a flashlamp unit are stringent; an ideal system should be

able to produce at least 1OOJ per flash at a rate of not less than 50Hz. However

the TRS experiment can be employed in the study of other processes apart from flash

photolysis, and any source that can reproducibly form a sufficient quantity of radi-

cal or excited species at about 50Hz is applicable. Attractive sources include

high energy pulsed lasers (e.g. TEA CO2 or Eximer lasers). Unfortunately the

maximum rate of the Lumonics 103-2 CO2 laser is only 2Hz. At low rates the exper-

iments become unwieldy in both time and data manipulation senses (and may fail

entirely due to the particular parameters of the Digilab unit), so that this mode

of excitation was not attempted.

.. . . . . . . . . . . . . . " .. . . .4. . . . . . .



44

(A) REFERENCES FOR SECTION 4.

1. See e.g. A. J. Downs and S. C. Peake, Molecular Spectroscopy, Vol. I

The Chemical Society, London, 1973.

2. See e.g. G. Herzberg, 'The Spectra and Structures of Simple Free Radicals',

Cornell, Ithaca, 1971.

3. J. M. Brown, J. Buttenshaw, A. Carrington and C. R. Parent, Mol. Phys.,

33, 589 (1977).

4. B. M. Landsberg, A. J. Merer and T. Oka, J. Mol. Spectrosc., 67, 459 (1977).

5. See e. P. R. Griffiths, 'Chemical Infrared Fourier Transform Spectroscopy',

John Wiley, New York, 1975.

6. R. E. Murphy and H. Sakai, in 'Proceedings of Aspen International Conference

on Fourier Spectroscopy', G. A. Vanasse, A. T. Stair and D. Baker, eds.,

Air Force Geophysics Laboratory, Cambridge, Mass., 1971, p. 301.

7. R. E. Murphy, F. Cook and H. Sakai, J. Opt. Soc. Am., 65, 600 (1975).

8. H. Sakai and R. E. Murphy, Appl. Optics, 17, 1342 (1978).

9. A. W. Mantz, Appl. Spectrosc., 30, 459 (1976).

10. A. W. Mantz, Appl. Optics, 17, 1347 (1978).

11. Digilab Inc., 237 Putnam Ave., Cambridge, Mass., 02139.

t3



45 APNI
ileprin Ied from I norganic ('hemistrv. 17, 9700 97. APEDII

Copyright '1978 by the American Chemical Societyv and reprinted liv permission ol the copyright owner.

Contribution fromt the Departments of Chemistry. (I'niversito of Virginia. Charlottesville,
Virginia 22901. and I niversit% of Tennessee." Knoxville, Tennessee 37916

Matrix Reactions of Fluorine with Chlorine, Bromine, and Iodine. Infrared Detlection of
the XF 2, X2F,, and X2F Species
LLANOR S. PROCIIASK.A," LESTER ANDRI:WS,* NOR \..\ R SMIYRI. 15 and GI-B MANIANTOV I b

Received Mtay' 6, 1977

Infrared and laser-Raman matrix isolation studies hate be-en done on the X, + F, stems. where X = (0. Br. or 1. MercurN
arc photolysis produced the new species XF:., XJi-, and XJl~ as well as some of the normally unfasored members of the
series XI-. (nt = 1, 3. 5). The ssmmetrlc. T-shiaped XXI , species is the dominant product in all three infrared studies.
Other species were identified based on phototvsis. concentration, and temperature cicting behavior of new infrared absorptions.

Introduction Because of the variation in reactivity beiween fluorne and the three
The usual reaction between molecular fluorine and another hea\ N halogens, different methods of sample deposition were used

halogen molecule X, follows the stoichiomectry shown in re-- Somec sample,. were prepared with both halogens premlixed in the sanie
action 1, where products with it = I or 3 are favored with 'C sml a.TiswsstsatryfrCk+, amls sotmoderate amount of OFE was formed b% gas-phase* reaction lesr
X, n iii-- 2XI, I for bromine and fluorimesamples, an equilibrium nmixture of Br I. Brn

it 3 r 5wit Br, ad i =5 wth ,. atrx iolaionis and Brl-, with the hialogens was actually deposited from a single can
n 3 r 5wit Br, an it wit 1, Matix soltio is and with iodine and fluorine a thorough conversion to IIF, occurierd

a method byv which intermediates in this reaction rma be with prelnixing. This type of experiment will later be referred io as
trapped for spectroscopic observation. Also. photol'.sis induced a "premixed" experiment. To avoid prior reaction, bromine , r iodine
reaction products frorn X,, F,. and X F, may be observ ed in saimples were prepared in separate cans from the fluorine. and the
a matrix. Of particular interest are unfavored XF, species. hr logen and fluorine were mixed in the sample deposition tine, about
ais well as the new species XE 2, X,F. and X21.,. 1t cmn abovec the cold %window. These experinments w ill later be reterred

Maniantov and co-workers2 have studied the CIF, species, to as "separate can" ex periments. In addition, some samples were
produced by photolysis of isolated ClF3 or of codeposited CIF prepaired in completely separate vacuum manifolds and deposited
+ F2. Recently. Prochaska and Andrews,' reexamined the through separate tubes, These will later be referred to a,. 'separate

CI2radical, for which the most favorable svndtefic route wa mnanifold" experiments.
('IF2  Matrix-isoatimn experiments at Tennessee utili7ed a Cryodine

photolysis of CIF and F2 in a nitrogen matrix. Mamantov and Model IS0 closed cycle helium refrigerator and experimental
co-workers4 havc also reported spectra of chlorine-Ifluorine technique% previousli described?4 Temperatures were monitored and
mixed species produced by photolysis of isolated chlorine and controlled to within *' K utilizing a Criogenie Technologi Inc. digital
fluorine and have proposed assignments to vibrations of C12F2., electronic temperature controller in conjunction with a gold-chromel
C1,111, and CI,F The migration of photolytically produced thermocouple and resistance heater. Matrix mixtures were prepared
fluorine atoms in matrices was established as a crucial step in at stainless sieel vacuum line well-passivated with chlorine trifluoride
in the formation of these new mixed halogen species. (Matheson. 98.0%). Research grade argon (Matheson. 99.9995%)

This paper reports a study of the reaction ofnfuorine with wats utilized as the matrix gas. purified fluorine (99.99%, obtained
each of the molecular halogens, chlorine, bromine, and iodine, frnW.NHubd.Agne atolIabroy)wssd

hI soid * ,~ sing without further purification. Reagent grade bromine (Fisher) was
upon ph010 ysis in sldma.'riees. Sonie experiments uig purified hi passing the vapors over the liquid through a tube containing
BrF, as precursor are also reported. as well as some using 11molecular sieve utili/ing vacuum transfer techniques. Bromine
equilibrium mixtures of Br,, F2, BrF, and BrF3. trifluoride iMatheson, 98.0%) was purified by transfer from a lecture
Experimental Section bottle under vacuum by pumping into a trap field at - -20 *C. Matrix

The closed cycle refrigerators and vacuum systems for infrared" samples were photolyzecd by BiI-6 miercury are, with an Il-cm
and Raman" experiments at Virginia have been described previousl "% water-filled quart7 cell (2210 ItXX nm). with the addition of at Coming
The stainless steel vacuum aipparatus was thoroughly passivated with CS -7-54 glass filter (280 42(0 nmli for more limited photolysis.
fluorine prior to sample preparation. Infrared samples were deposited Microwave discharge experiments at Tennessee used a Ras.theon
on a Csi cold window. and spectra were recorded on a Becktman IR-12 Mieruitierm Model (MD-Il) microwave generator to suppl) a
spectrophotometer from 200 to MOOcm '. Photolysis was done using 111l1mxiiimuin Of [-25 W at _2450)N Mliz Ihe mnicrowave energN was
a General E'lectric BII-6 high-pressure mercury arc, focused by it directed through in I venson type cavit\ to generate discharge ina
quartz lens system mounted on ai 10-cm water filter cell (22o1 1o()(1 0)5-itt oid. I ucalms tube using a gais flow rate of about 1 0 cm '!mmn
nm) plus a Pyrex plate (2901-1000 nm). Ramian samples were de- Ii frrd spectra were recorded tinder low resolution on a Perkin-Htmer
posited on an 01:1 IC tilted block, and laser-Raman spectra were MIodel 117 infrared specirophotoineter and at high resolution using
recorded on at Spex Ramalog instrument (500 mi slits), using the 488.10- a lDIgil1h Modell I TS-21) Iourier transformn infrared spectrometer.
and 514.5-nm lines of a Coherent Radiation Model 52 argon ion laser. Rcsulis
Liser lines were used with a dielectric spike filter for reciording speclr.i nrrdtI .Aleprmnswt hoien
and were unfiltered for photolysis of Raman samples.Inred C.,+FAlexri ntwthcoic d

Chlorine IMathesoni sample,% were purified hy freeze pump thiw fluorine were done with premixed samples, and ( 11 Aas the
ci des at liquid nitrogen temperature. "(*I, was prepared bv ixidi/ing niallir gas-phase reaction product observed in the spectrum
Rb" CI in concenitrated II NO, and purified bi conidensinig wnit ofn tie condensed samiiples- In the first experiment. ain Ar I
Drierite. Btromine I M~llnckrodti sapiir over liqumid wis pmirifivmf ti I ,(,(1 = 10ll 1I I simple swa.s deposited for 22 Ih and pho-
freeze punip iliai tseles in a glaiss finger it liquid Ililoeil ten toIed foir 101 nun with 220 (W 111)1n lighl a vers strong hand
perai ure. I-Kdine ( Mill nek nmxft cr s ta Is were otl ga .scd his puipin \st11 ap ttl ipa red Ai (0 6 cm ' (corn 'lci absorbhin. at shar
while being held it liqid nitrogen temperatunre in t he fin ier it ti gh i 'ube \%.I obere at SS0 P5 tl'(a~rac
bulb. Iodine simples "erc prepared hi pulling the ippriprimemo.r and i0i(iti), asi obs rved it r5'1.l c tril wIc absfouhne =t 44
iif argon over the solid in the hiilht it rn tvnlxritItire i vipor pwrm'sme2 d( i) mprtli eosdtiltwsfud.14
= 0 25 Torn) I lisurinc ( Mathesoni wins expinilei liroumh .i "I" 402. 4S9 011i C 1i0. 10), 0 i07, 0 1 ). and a new hand appeared

tube immersed in liquid %, before samnple prep.irtiuin to removwe .it 27i0 :iii I t.0fi. AdittlomI philsi or 25 rmin
condensable inipurilivs Argon iAir i'rouduis. 91)9 W. i%%.was used reduced liese Kinds to approximately half of thiri first ob-
dirctly as the itititrix gus% served intensities
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Figure I. Infrared spectra of premixed chlorine and fluorine samples:
a) .r/F 2/CI 2 = 400/1/4. 61 mmol deposited. before photolysis: (a) Figure 2. Infrared spectra ofa BrF) sample: (a) Ar/BrF, 2000 '1.

previous sample after 55 min of Hg arc photolysis with the water and 17 mmoi deposited: (b) afier 25 min of I Ig arc photolsis with the
Pyrex plate filters; (b) Ar/F 2 /CI 2 = 400/4/1, 60 mmol deposited. quart7-water and Corning CS-7-54 glass filters: (c) after a thermal
after 51 min of Hg arc photolysis. same filters; (c) Ar/F,/ "Cl, = cycle to 25 K: (d) after a thermal cycle to 33 K.
250/2.5/1, 46 mmol of deposited, after 21 min of Hg arc photolysis.
same filters, argon deposited from separate manifolds. Microwave dis-

charge experiments were done with samples of Ar/Br. and
Two additional experiments were performed using samples Ar/F, mixed before and during discharge. Bands assignable

with one reagent concentration reduced a factor of 4 relative to BrF and BrF3 monomers and BrF, dimer were observed.
to the above higher yield study. The spectrum of an Ar/F 2/CI 2  and several BrF, absorptions were seen as well. '9 Ness bands
= 400/1/4 sample after deposition is shown in Figure Ia'. that appeared on photolysis :ind warmup and during micro-
Following 55 min of photolysis with 290-1000 nm light, a wave discharge will be describcd in more detail.
strong new doublet was observed at 636 cm I (A = 0.54), 627 Several experiments with Ar/BrF3 (M/R = 2000 and 1000)
cm -1 (A = 0. 16) with weaker site splittings at 640 and 631 samples were done at Tennessee to optimize the yield of a new
cm - 1, another doublet was observed at 559 cm-1 (A = 0.10), doublet at 567, 569 cm 1. This feature was observed after 10
551 cm-I (A = 0.03), and weaker bands were produced at 464 min of photolysis with the quartz-water filter and enhanced
cm - ' (A = 0.03) and 270 cm - ' which are shown in Figure Ia. by a thermal cycle to 25 K. The yield was maximized by

The next sample, Ar/F 2 /Cl 2 = 400/4/I, with excess subsequent photolysis for 25 min using the quartz-water plus
fluorine, gave the spectrum in Figure Ib after photolysis; the Corning filters, followed by a thermal cycle to 25 K. as shown
636, 627 cm- 1 doublet (A = 0.72, 0.22) was increased while in Figure 2. Subsequent thermal cycling to 36 K destroyed
the other three absorptions, 559 cm - ' (A = 0.10), 464 cm ' the band completely. A small band was observed at 527 cm
(A = 0.03), and 270 cm' remained the same as in the above in these experiments, that was enhanced by photolysis and
excess chlorine sample, and in addition, CIF and CIF 3 

7 were thermal cycling. This band was not destroyed even by
produced by photolysis. The FCO13 and FCO, impurities.' warming to 36 K. A similar experiment was done by co-
present throughout this study, were more intense in Figure I b. condensing an equilibrium mixture of Br2, BrF, and BrFj in
Also. another chlorine-isotopic doublet at 649, 640 cm ' present argon at M/R = 50 with F2 in argon at M/R = 170 using
before photolysis in all experiments, and enhanced in the excess 8.5 mmol of each mixture. After 40 min of photolysis with
fluorine run, is due to CIF 3O. The broad 260-cm ' band is the quartz-water plus Corning filter combination, new doublets
due to an impurity often observed in fluorine experiments. at 554, 556 and 561. 563 cm I were observed, plus a very small

Thermal cycles of these samples into the 32-38 K range feature at 567. 569 cm ' on the side of the large BrFj monomer
decreased the above new bands by approximately half and and dinier bands. Thermal cycling to 25 K caused the
weak new bands appeared at 454 and 305 cm 555-cm ' doublet to increase significantly, while the 562-cm

The chlorine-37 sample, Ar/ F2/'
7CI2 = 400/2.5/I. gave the doublet decreased with loss of resolution. The 569-cm I feature

lower multiplet components at 627 (A = 0.90). 551 (A = 0. 11), had increased slightly. The 527-cm ' band was observed on
and 459 cm ' (A = 0.05) which indicates that these absorptions deposition and was unaffected b, photolysis but grew con-
are due to chlorine-37 vibrations. A weak shoulder was siderably on warmup.
observed at 268 cm '. A thermal cycle decreased these bands Similar experiments were done at Virginia on two chenical
while a sharp feature at 571 cm I due to 17CF,

-' and weak systems. Two experiments were done in which bromine and
450- and 300-cm ' bands appeared. fluorine were prcmixed and allowed to react such that a

Two further experiments were done on the chlorine fluorine mixture of Br,, BrI. Bri,. and some I. as actually deposited
system using different fluorine atom sources. A study with With excess f': (Ar/Br/[ = 200/I/2. 58 inmol deposited).
Ar/CIF/CI2 = 200/I / I produced only CIF', FCO. and lIarge a nounts of Brl: at (60.0. 601.5 cn 1. Brl' monoimier and
FCIO10 upon photolysis. Another experiment with a sample dinicr. and some Brl, %ere observed. Ten minutes of pho-
of Ar/OF,/CI 2 = 200/I / I yielded only small amounts of (I1:. iol'sis with the qu.irtz waler and P srcx filters resulted in gOsKI
CIFI. and again FCO12 and F:CIO,." iclds of new bands at 554 I. 556 I cm ', with a smaller pair

ii Br, + F2. Experiments were run using Brl, in argon. it 562.(. 564 ) cn A thermal csclc to 26 K coued a small
equilibrium mixtures of BrF. Br['. .nd Br, in argon. alone decrease in Nth t hese bands. and a new doublet it 5 69.). 571 2
and cixieposited %ith 12 in argon, and fir, in argon and V, in ciii .ippc:irc'd lbirly minuts more pliotoIksis and a ihermal
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Figure 3. Infrared spectra of a premixed bromine and fluorine Figure 4. Infrared spectra of a separate manifold bromine and fluorine
exprimnt:(a)Ar/./B. =2001/.53nsml dposted Ib afer experiment: (a) Ar/ Br, = 100/I1, 34 mmol. and Ar/, F, = 100/ 1. 43

40 min of 11,t arc photolysis with the quartz- water and Pyrex plate mniol deposited: (b) after 40 mmi of Hg arc photol ' sis ttith the
filters: ~ ~ ~ ~ ~ ~ qurt (c le hemlcceto2 .K ater and Pyrex plate filters: (c) after a thermal cice to 27

cvcle revenerated the 555-cm band, but both the higher_______________
frequency bands lost intensity and resolution. A band at 529

cmgrew slightly on warmups. A similar experiment with
* equtal initial bromine and fluorine (Ar/F./Br, = 200/ 1/1, 53

mmol deposited) gave a reduced yield of the mixed halogen
species, which is illustrated in Figure 3. Ten minutes of
photolysis with the quartz-water and Pyrex filter produced
both the 554.1-, 556.1-cm 'and 562.0-. 564.0-cm I douiblets.
The less dominant BrF 3 bands show clearly that none of theI
569-cm I eature is present after photolysis. A thermal cycle l/
to 28 K causes a decrease in both bands, with loss of resolution
on the higher doublet. The 568.0-. 570.2-cm feature grows
in clearly with good yield (absorbance = 0. 13). A band at
about 538 cm 1was decreased considerably by photolysis, but
no photolysis or temperature effect was observed for a small i

Two further experiments simultaneously codeposited Ar/Br. .

and Ar/F. samples from separate vacuum lines. With excess ,,

F2 (Ar/F2 = 50/1, 46 mmok Ar/Br2  200/1, 46 mmol). no
bands are observed on initial deposition. TFen minutes of

* photolysis with the quartz-water and Pyrex combination
produced numerous bands assignable to BrF, dimer. plus small
amounts of BrF3 and BrF, monomers. In addition, a full scale
band was observed centered at 555 cm 1, and a smaller feature O'" So 600 40
at 560.0 cm 1was seen, with a shoulder at about 562 cm '.rV
A band at 507 cm was considerably sharper than the BrF, Figure 5. Infrared pectra of a premixed bromine and fluorine
dimer feature observed in the premixed experiments and is discharge experiment; (A) Ar,'l I /Br,. 425/15/1I deposited during
relatively larger than other OrE1 dimecr hands in this exper- microwase discharge: k(B) titer at thermal csele to 25 K. j( ) after
iment. A very weak band Aas observed at 529 cm '. ThirtN .1 therinil c~cle ito 30 K: (D)) ilter a thermal csclc to 41) K.
minutes more photolysis produced growth in the 507-. 529).,
and 555-cm Ifeatures, ats \%ell ats the Br[, diiner bands. The leatire lost resolution and most oft (tie shoulder, ats is shio\wn
560-cm 'feature lost intensity ' %nd resolution, and a ver\ sitall in I igurc 4I.
fcature appcared at 570 cm 1. A subsequent therrmtl k~'cle I urther experiments wecre done at Tennessee wkith bromine
to 26 K resulted in a %light increase in the 507-cm 'baind. little iand I] ii inc tie5:in ples patssed thirioiughI a microw as dischairge
chatngc in the 52')- :tnd 560-cm 'featutres. ;intl ai decrease in A blank experiment \\ith It0t nimol o1 Ar/ I ,,lr. = 425, 215 1
both the 555-ent ' and in the tinN 57(1-cm 'feature. A similatr uelc.)isicd \%ithiut disc ha rge produced only fcatures assignable
experiment with equal bromine antd fluorine cimneoritimmis i lrI anid llrl:. IDiscbhtrgc o at similar premixed sample
(Ar, fir, = I(1M),1. 34 mmol: Ar/ I. = 100/)/I. 43 mmol) p .:%c rc. tiltd in the .ippemirancc (il binds assignable t iii , t-
anatlogous restults atnd is shown in Iligure 4. \ttbing \s is nitr. is s\ell is Bri and 110r, New% features observed at
observed on initial deposition. but 40) miii it pliwiol'sis \%ili 47S. 10I7. iaid S27 ciii '.tre shimn it Ii igure 5 . A thermal
the quart/ wkater plus Plsrex asseniblx pr(iticed thme St0l-cm t.sc lo 25 K eciiised an increase in the 5017- .ind 52 7-cil
feature,. , troniv 5S5 I)-. 557 0-cni' iolflet with1 a 1 -Ciii Kinds. while the 47S-cni h ind remaiins unchanged. I urther
shi der and %cry sinali i rl i dinier binds. \ th(eriiial . Ic (cliniri it K resulted in .i fuirther increase in the 527-cnt
to 2 7 K cuil c.iti 1-taes toIii, li~ntirii. ittil e 5SS--iii Iimiid. mnd llk loiss ii? the SI -cmin rd. \%arming to 401
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after photolysis with quartz-water and Pyrex filters. Before
photolysis, weak bands at 516 and 524cm I and a strong band
at 535 cm I (absorbance = A = 0.22) were observed. After
photolysis, a new band appeared at 499 cm 1 (A = 0.048), a
strong band grew in at 526 cm 1 (A = 0.98). and the 535-cm
band lost intensity. Broad bands centered at 577 and 624 cm
grew in as well. Further photolysis with the quartz-water filter
only produced some growth in the 499-cm-' band. further, i reduction of the 535-cm -  band, and slight reduction of the

526-cm band. A thermal cycle had little effect on this ,
sample.

Another separate manifold experiment, with equal iodine
,- - , and fluorine concentrations (Ar/ 2 = 200/1, 813 mmol; Ar/F,

0= 200/1. 17 mmol) showed virtually the same spectrum as
Figure 6c before photolysis. Pyrex-water filtered photolysis

S ,,,
'  /' ' g'-'-- . produced the 499- and 526-cm ' bands, but this time, with

I lower fluorine concentration, the 535-cm 1 band grew slightly,
rather than decreasing, as it did with excess fluorine. Further
quartz water filtered photolysis again produced growth of the
499-cm ' band, slight growth of the 526-cm ' band, and

I reduction of the 535-cm - ' band.
Cl, + Br,. Two separate can experiments were done with

600 550 500 450 chlorine and bromine, since these elements react to give BrCI
WAVENUMBER Ccl ' in the gas phase. The first, using 1% samples. produced a

Figure 6. Infrared spectra of separate can and separate manifold iodine weak, broad band at 427 cm-1 after Pyrex- and water-filtered
and fluorine experiments: (a) Ar/F 2 = 100. 11.6 mmo, and Ar/I ,

200, 7.5 mmol deposited from separate cans: (b) after 30 min of photolysis. The second experiment with Ar/C 2 = A r Br, =
Hg arc photolysis with the quartz-water and Pyrex plate filters, plus 50/1 samples produced a stronger 427-cm-1 absorption (A' =
15 min with the quartz-water filter only: (e) Ar/F 2 = 100, 10.4 mmol, 0.08) after water-filtered photolysis.
and Ar/I 2 = 200, 7.9 mmol deposited from separate manifolds: (d) Raman. Raman experiments were done for the three
after 15 min of Hg arc photolysis with the quartz-water and Pyrex fluorine-halogen systems. Premixed and separate manifold
plate filters, plus 20 min with the quartz-water filter only. experiments were run with chlorine and fluorine, with total

M/R for each halogen of 50 and 100. Initial scans showed
caused the loss of the 527-cm 1 band as well, but the 475-cm signals corresponding to Cl,, CIF, and F, at 562, 760. and 892
feature remained virtually unchanged even on warming to 50 cm shifted from the laser line.' Laser photolysis produced
K. a weak signal at 528 cm-i due to CF.," on the low-frequcnc)

In a similar experiment, Br2 and F, samples were mixed just side of the Cl_ band and a weaker band approximately co-
prior to discharge (Ar/Br 2 = 160/1, 26 mmol; Ar/F 2 = 80/1, inciding with the CIF band near 760 cm 1. Otherwise, no new
13 mmol). The 507- and 527-cm I bands were observed in features were observed.
good yield. The 527-cm-I band is stable on thermal cycling Bromine and fluorine experiments did produce new scattered
as high as 30 K, while the 507-cm-' band is decreased by light signals on laser photolysis. A typical experiment is il-
warming to 25 K and further on warming to 30 K. lustrated in Figure 7 using Ar/F = 25/I and Ar/Br, = 25/1

Another experiment was run, mixing the two reactants samples. The first scan (a) shows a strong signal at 296 cm-i I
within the discharge (Ar/Br2 = 170/1. 8 mmol Ar/F, = 85/I, and a weak F, signal and a broad feature which is actually
8 mmol). The 527-cm-i band was observed, but was quite
small, and was stable on warming to as high as 30 K. but was two weak signals at about 603 and 638 cmi. Twenty-five
gone after warming to 35 K. A band at 570 cm appeared minutes of 488.0-nm laser photolysis, scan (b), caused definite
on ar warming to 5 K, warming to 30 K. and was growth in the 603-m band, and a new band grew in at 675one aferaicy to 5 K cread s armpien t30 wits ore tcm , while the 638-cm ' band was lost. A thermal cycle togone after a cycle to 35 K. A similar experiment with more about 29 K. scan (c). caused further growth in the 675-cm
dilute samples produced the 570-cm band following a thermal band but a reduction in the 603-cm ' band. Further laser
cycle.phtyssfr1 i.sa(drgnrtdte63c'bn,

12 + F2. Iodine and fluorine react very readily in the gas photolysis for 5 ri. scan (d). regenerated the 0b3-cmi band.
phase and spectra from premixed experiments showed strong with little further effect on the 675-cm band. Similar be-
bands at 704, 634. 370. and 317 cm I due to I".F No new havior was observed for a premixed experiment (Ar/ F,/Br,
bands were produced by photolysis. Spectra from separate 100/2/ ), except that the 75-cm hand was favored
can experiments, which allow a short reaction time in the slightly with the excess :. Another premixed experiment
deposition line before the sample reaches the cold surface, also (Ar/[ iBr = 50/I/Il again showed the 603-cm band in
showed a good yield of IF, and weak bands at 578 and 535 better yield. Intcrcstingl , the two photolysis-product bands
cm . which are shown in Figure 6a. Trace Ib) illustrates the showed up in the initial scan in the experiment where 514.5-nn

spectrum after photolysis with the quartz water and P.rex laser light was used. Further separate manifold experiments
filters which produced new bands at 499 and 526 cm , while using Ar/I:./ r., = 50/I/I samples produced only ery weak
the weak band at 535 cm I was destroyed. \ subsequent bands in the 600 700-cm I region.
photolysis with the quartz water filter had little effect. A ILaser Raman experiments with iodine and fluorine produced
thermal cycle to -35 K caused both band]s to grow a small no new,. signals. Initial spcctra shoved a weak U, band, and
amount, but no other new bands appeared. stron! resonance Raman spectra of isolated 1,.2 Prolonged

Two experiments were done using completely separate photoflsis only dcreascd these stonals %hitc resonance Ranman
deposition lines allowing almost no gas-phase reaction \n hand,; due to iggregated I, appeared All experiment% were
experiment with excess fluorine. AriJ:z = lOt/t and Ar/I, dne %ih scpar imi niInitold, using Arl: and Ar/I, is low

200/I, is shown in scans (c) and (d) of Figure 6 before and .is 2, I
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Table I. Observed and Calculated Isotopic Frequencies (cm'),
Vibrational Potential Function, and Potential Energy -

Distribut ion for CI 2 F

Isotope Assignment Obsd Calcd0

35-35-19 559.0 560.1
BrV 2  464.0 465.4

V 3  270.0 271.2
37373 V, 551.0 549.9

li * , P 2  459.0 457.6
z A I268.0 266.7

~(d) IPotential energy distributionb
: NPotential function V I V 2  U3

WF FCt-F2.12 mdyn/A 7 1.9 c 30.3 1.3
R(c) FCt-Ct 2.77 indyn/A 50.1 51.0 2.4

4FCI-CI.F = 0.95 (md]yn A)/rad
2  0.0 4.3 95.7

W FC-l Cl-F = 0.44 mndyn/A -22.0 14.4 0.6
(b) ' Average difference between calculated and observed frequen-

cies is 1.2 cm . b For 35-35-19 isotope. c interpretation: v,

G F is 71.97c ('I-F bond stretching in character.

One important point must be made with respect to the
dependence of thle 559-cmn' band on fluorine concentration.

100 80 60 40 The previous work showedl that this feature was favored by

WAVENUM~BER SHIFT (cm-1) an abundance olflu~orine atoms, based on relative growth after

Figure 7. Raman spectra of a separate manifold bromine and fluorine poossswt aeegh htfvrF iscain h
experiment: (a) Ar/F, =25/I, 13.7 mmol, and Ar,'Br, =25/1. 13.5 recent data indicate. htowever. that these bands are favored
mmol deposited: (b) after 25 min of unfiltered 4 8.0-nmn laser relauive to the 027-, 636-cm 'features in experinments with
photolysis 470 ntW at sanmple: (c) after a thermal cycle to 29 K: (d) lower fetal fluorine concentration. The earlier cxperiments
after 15 min more unfiltered laser photolysis. Scans were taken at used a manyv ( 10-20)-fold excess of' F, while the recent ones
50 cm-1/min. 500-P slits, range = I X 105 A. dielectric spike filter employed o nly a fourfold F, excess and also a fourfold Cl,
(Br, peak, range = 3 X< 10 A); G = grating ghost. excess. This latter observation does not support assignment

of' these absorptions to a fluorine addition product of CITF.
Discussion A species that would be favored by both efficient fluorine atom

production and low total fluorine concentration is one con-
Absorptions assigned to new photolysis product species for taining a single fluorine atom. specificall\ CITF.

each chemical system will be discussed in turn. The 464- and 270-cm Iabsorptions appear to be associated
Chlorine and Fluorine. The four infrared absorptions in these. with the 559-cm I absorption on changing the F,;'Cl, ratio in

chlorine-fluorine experiments were observed and assigned the sample. It is reasonable to consider these lower two bands
previously by Mamantov et al.' The present reexamination for assignment to the Cl-Cl stretching mode and the betiding
done at Virginia suggests an alternate assignment for three mode of Cl- Cl -F, respectively. In the most productive cx-
of these bands. periment. thle 464-cm ' featture contained partially resolved

The 627-, 636-cm'- Doublet. The 627-, 636-cm -' absorptions components at 462 and 459 cm ' with the appropriate relative
were the most intense new product feature. The 31I relative intensities for at vibration of two chlorine atoms. The 559-cm I
intensities of these two bands clearly indicate that they are band is assigned to the Cl-F stretching mode of CI,F; the
the "5CI, 31CI isotopic components of a single chlorine atom chlorine isotopic intensities show that one chlorine atom
vibration. The isotope splitting of 9 cm I'is larger than that participates in this vibration.
of isolated CIF. 7 cm '. Such a large, distinct isotope splitting Force constant calculations were done for the Cl-Cl F
is characteristic of a nearly linear F-Cl-F antisymmetric radicatl with these assignments using the Schiachtschneider
vibration containing a single chlorine atom, as proposed program I-,A~i and the assuimcd bent structure ( 1 500) w&ith
earlier.' This band was also favored by an abtindance of' CI GI and Cl -F1 distances of 2.2 and I .S A,\ respectively. Bond
molecular fluorine, indicating that it probably involves more lengths for tile diatomic molecule,, arc 1.9 and I .o,3 AX. re-
than one fltuorine atom. Thc evidence suipports assignment spectively.5 A\ satisfactory a greenment w~as obtained between
of this feature to the antisymmetric stretch of the F Cl F unit ciilcltled antd ohserved frequencies (average difference = I .2
in a symmetric, T-shaped (ICIF: species. Thle location of this Cml 'f: at ,tibstantiatl Cl CI. Cl -F stretch stretch interaiction
absorption slightly belowk I le correspontding vibration of1 force constant w required to lit the isotopic da which are
matrix-isolated CIF% at 683 cm ' in argon' is consistent wit It listed in Tablie I ilung w ith t he force constatst, It can be seen
this assignment, which is in agreemcnt with the previous work.' friom the potential enersgy distribution that the two bond

The 559-, 464-, and 270-cm IAbsorptions. The 464- and strctching mo~des are extenNIvels mixed: however. the "l)-cmI
270-cm Ifeatures were previously observed in %cry coicen. hid is miore CI F: stretch anld the 4.4-i ' band ,. gre-
trated samples (Ar/F,/C'l, = 400/10/1l and assigned4 to dominantly CI CI stretch in character. This sihraisni;'
another stretch ande a bend oSf the (l1F, molecule. and the n1.1ili is sUppormIse of tile ( 11 i,i vient. biut it C.ivnst
559-cm Iband was attribted to Cl.Fj. The 5.S-cit' ab- ho, c)nstdcretl to co)nfirmi the ossrvation io! Fl J1
sorption wats tobservcd when the 036-cin i feature wNas intcrnse. If' this idcificaition (it -fie ( 1,1 free r.idicatl is corre':t.
and it exhibited aI latrge CI isotope splitting. 551) it) 551 cmi '. .inother rtcrcstin L 2I1 -electron spvcies i. .tvmaibe !'Or fN~r.ding
so asgnmcnit to a tderivative of the ( 14 , molecule was kc(riicramil lie1:3 t5533 stretching oudtcits3 f (TIJ. '59
proposed." There is. however, an alternaite assivitnetnt thatt awnd 464 cm .!rc near the stretching miod"s )I (IF it ' 7X
can be made for these three bands which is, consistent with md s01 0 t cml ( onf3.1rls'n between the iwo mnodes fot ('I .
the earlier informaiion antI with these more ruceni lihservii. wilt the ( 1. atnd ( !I Ctidm~ent~its .it '141) and '77) cml in
tions. ilid1( irron, " ond if;.. lorcl- %csi~tiants in 1 able I %kith silues
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for CIF (4.29 mdyn/A) 6 and Clh (3.10 mndyn/A), 3 suggests modes, predicts BrF, in the low 500-cm I region. %%here bands
that CIF contains a weak Cl-F bond and a Clh bond only arc observed at 507 and 527 cm I. Still. the parallel photolyuc
slightly weaker than diatomic ClI. This is reminiscent of the behavior and the bromine isotopic splitting point to assignment
F...CIO and CI...CIO molecules and the bonding in F...CICI of the 569-cm 1 band to V3 of BrF,
can be rationalized by the simple p-7r* bonding model used The isotopic fundamentals 570.2 and 568.0 cm ', respec-
for these species.6.

1
4  However, in the F...CICI case, a tivelx. for '"BrF, and " BrF, can be used to calculate a lower

three-electron F(2p)-Cl,(r*) bond is involved which affects limit to the F-Br-F valence angle. This value, 152 ± 80, is
the CI-CI bond by increasing antibonding electron density, in good agreement skith the 136 ± - 0 lower limit' for CIE,
opposite to the case in F.--CIO. Finally, a simple molecular and it strongl. suggests that the 21-electron BrF 2 free radical
orbital model for X 3 systems using valence s and p orbitals is obtusely bent.
gives three more bonding than antibonding electrons which The 5417-cm I Band. The band at 507 cm I falls in a region
also predicts one "single" bond and one "half" bond for %ith i broad unstructured Brl dimer band7 that is observed
F...CICI. in experiments %here this compound is present. However, the

The failure to produce CICIF, and CICIF with the alternate band is much sharper in experiments Ahere bromine and
but less prolific fluorine atom sources, CIF and OF, may shed ilurmiic are deposited separately, and its intensity is large
some light on a possible mechanism by which these species rMlatic to other Brl:F dimter bands in these experiments. This
are formed. This observation suggests that the mechanism leads to the cunclusion that a nc. photolsis-product species
is not only simple addition of fluorine atoms to molecular is responible for this sharp feature. The fact that this feature
chlorine but that chlorine molecule-fluorine molecule van der is most prormlent in experiments with Br2 parent indicates
Waals diners may play an important role. CICIF could be agaim a Species cont:iining tsso Br atoms. Further, it is favored
formed directly upon photolysis of CI,.--F, van der WVaals oer Bri , Liiner in an experiment ssith low F, concentration.
dimers and CIF could result when one fluorine escapes this indi.:;ttic_ that it contai:ns !eser F atoms. These ,,bscrsctions
cage. Of course, direct fluorine addition to Cl, can form CII: justi; t2c tcntatie ssiwgnment of [lNs icaturc i. !i: dss -
as well. metric Brl !,pecies formed by reaction of one F atom %%ith

Bromine and Fluorine. The infrared experiments on the Br, lir,. L niortunatclk, no bromine isotopic splitting %Nas resolved
+ F, system were the most interesting and fruitful in terms on this absorption: lio%%ever, the splitting is only 1.0 cm I for
of new species observed. The moderate gas-phase reactivity a simple fr F mode in this region, which would be difficult
of the reagents made the contrast between premixed and to resolve for a weak absorption.
separate experiments particularly illuminating and informative. The observation of the 507-cm I band in discharge ex-

The 554-, 556-cm I Doublet. The 554-. 556-cm I doublet periments is consistent with the BrF assignment. It is not
exhibited a distinct bromine isotope splitting characteristic of expected in the blank experiment, since only the known re-
a vibration involving a single Br atom. The bromine isotopic action products BrF, (i = I, 3, 5) would be formed without
splitting for BrF is 1.5 cm -i for the 66l-cm I fundamental in an. photol%sis after deposition, and the premixed sample would
solid argon, whereas the splitting on the 554-556-cm I doublet be expected to react such that little Br2 would be available
is 2.0 cm-', a good bit larger. This suggests an antisymmetric an.waN. The good yield obtained with reactants mixed just
stretch of an approximately linear F-Br-F unit. The fact that prior to discharge is consistent with the deposition of intact
this band is strongly favored in experiments where Br, is the bromine molecules and fluorine atoms.
bromine source leads to the conclusion that the species contains The 527-cm Band. The band at 527 cm-i is of interest as
two Br atoms. Finally, the increased yield with excess F, it %%as observed in both photolysis and discharge experiments.
suggests that the molecule probably contains more than one It is present in scans of premixed samples prior to photoltsis
F atom. These observations lead to the assignment of this band but was not observed in the blank discharge experiment,
to the symmetric T-shaped BrBrF2 molecule. The 555-cm a although no BrF, was observed either. It seems to be favored
band was the major product species in these studies, as was b) excess fluorine and by thermal cycling but is lost on thermal
the analogous CI 2 F2 molecule in chlorine-fluorine experiments. cycling above 35 K. The 527-cm I absorption observed before
This species is probably produced largely from the photo- photolksis is most likely due to (BrF1 )2 , as assigned previously.7

reaction of Br2-F 2 van der Waals dimers trapped in the matrix, This species could be formed by warming a sample containing
although the reaction of two successive fluorine atoms with fr, and excess fluorine atoms since the Br, unit need not
Br, is also expected. It is noteworthy that the antisyminetric separate in the dimer. I Iosever. its disappearance on warming
F Br F mode in Br- BrF,, 555 cm 1. is slightly reduced from above 35 K in discharge experimetnts suggests that a more
that of F BrF,, 597 cm 1. reactive Species miight contributc to the 527-cm Iabsorption.

The 568-, 570-cm Doublet. The 568-, 57(1-cm I band .\ possibilit% is BrtE4 sshich is .xpected to increase on diffusion
exhibits the same distinct splitting characteristic of a nearly atd reaction of F atoms to I point. Brl:, should be more stable
linear I Br - F antisymmetric vibration. The fact that this thin CII %% hich has beeti dctc.tcd b% FSR " and studied via
feature grows dramatically ott sa rming shows that it I,, computer experiments'') a,, shoin by the comparison of'CIF,
pr(xuced by the diffusion and reaction of : atoms. Ihc Species Iid rl .
mat be lormed during photolysis as well but dcstro ed at 0thers. Ihe small bid at 5 S cm 'is noticcable b% virtue
roughly the same rate. lhis behavior was observed lcss if its photol'sis behaior. This feature his been observed in
dramatically with the ClF, radical. -  The 59-cm band is thcr s'ork %%ith in\cd Br I compounds. %%here it \%as at-
onl) observed in experiments where precursor iolecules Aith tribilitd to .! a impirit , obiousl\ photosensitive Tilts as-
a single Br atom are present, lrl and rl .%. indi cating thit sir icti , cceptable. insofar .is its beha,|i or is not artic-
it probably contains oly one lir atom. Furthcr. it i, ,ii itoi.tt% iimpmlrblc \ilh i it\ of the oithcr assigned ness bands
especially favored in experiments where excess f luorine i, I li .4 5-cni ; band obscred in discharge experiments may
present in which c.ise he sin!,fe Br species Irl , sold he t;;c isi he duc ti higher politers o lirl I,. based in pariicular
preferred product. fhis esidence leads to the issiLt ictirit ,t .n i t, ,itbii\ to rcl iN I , Lhh thermal cctlirn It) O K
this feature to the Iirl r.iiiaI. I lie dulhiblet observed ;at I 1. 563 cm I has not been assig nex

Although the formli in irnd behavior of thi,, species ire Io .1 nscs Species,: it is probably due to a site ,plitir
ie of the

comparable to that t ( Ii , it is tfitewortr, that ,i comrp.arison 1 4 . ,-m , II, , leature. I lie rntensi\ ol tire smaller
of the CIF and Blrl Ircqut'ricis. and tire (I11 , oid trl fritn dLre.cs sli,,lils imore Ihan the 554-. 5'.6-cm tcfeture



976 Inorganic ('hmistrv, I o. i -. Vo, 4, 1978 Prochaska., Andrews, Smyrl. and Mamantov

on warming, and the resolution of the doublet is lost. This Bromine and Chlorine. The only new infrared absorption
is reasonable behavior for a less stable matrix site. produced by photolysis of Br,-CI2 samples appeared at 427

Iodine and Fluorine. Preinixed iodine and fluorine samples cm '. This feature was not observed in a previous study

revealed a good yield of IF5 on decomposition, and no new involving discharged mixtures of Br2 and Cl2 which suggested

products were formed on photolysis. Even separate can cx- the Br BrCI, identification for a band near 325 cm '." The

perimcnts, which provide a short reaction time in the spray BrCI fundamental has been observed at 430 ± 2 cm-' in

on line, produced a large amount of IF, indicating that this Raman studies;"3 this suggests that the present 427-cm - 1 band

is the strongly favored product. The matrix isolation cx- is due to bromine monochloride monomer and perhaps the

periments, that allow a brief reaction time even just at the dimer, (BrCI)2. The earlier Br-BrCI, assignment appears

matrix surface, provide a situation in which I F or I F, could reasonable relative to BrCI at 430 cm ' considering the present

be observed as intermediates in the formation of IF5. XXF2 species as compared to the XF diatomics. It is in-
The 535-cm - Band. The 535-cm band was present before teresting to note that the failure to form BrBrCI, by photolysis

indicates its instability relative to 2BrCl or (BrCI) 2; however,
photolysis in both separate can and separate manifold ex- the XXF, species are produced by photolysis which shows that
periments, with larger yields in the latter case. The band was
observed to decrease significantly on photolysis when an initial the symnietric XXF molecule is more stable than the (XF),

twnfd edimer species.
twofold excess of fluorine over iodine was present. However, Raman Spectra. Most of the assignments made from the
with a lower fluorine concentration, the band increased on infrared work to single modes of polyatomic species are based
initial quartz, water, and Pyrex photolysis. though further- on relative band intensity and concentration behavior.
photolysis did decrease it. The species, then, is favored by a Supporting evidence could, in principle, be obtained from
lower fluorine concentration and can be both formed and rtn spec e ul infor nple be oberom

destroyed by photolysis. A species that could form and be Raman spectra, but, unfortunately, the Raman observations

trapped during deposition is I-F1, and the observed photol sis were not helpful in this regard. Bromine and fluorine ex-

behavior can be readily rationalized for this assignment. In pr ins wer h oaoe at shoed ne5 photolNis
soli IF thecorespndin bad ocurs7 a 4Xt cm. ~ product signals, which came at 603 and 675 cm '. Neithersolid fF3 the corresponding band occurs'' at 480 cm 1. We of these bands correspond to signals observed in the infrared.

have, however, observed"9 a frequency shift of similar mag- which is not surprising, since Ranan and infrared intensities
nitude for the v4 band of solid CIF 3. often vary indircetls.

Photolysis of a sample containing an excess of fluorine tould The 603-cm ' Raman signal is below the equ:itorial Br-F
result in conversion of IF3 to IF_, by addition of fluorine atoms. stretching mode' of BrF, at 672 cm ' and the b03-cm I band
Indeed, a broad band in the region of IF5 absorption is seen could be due to the equatorial mode of an as\ irneiric species
to grow in on photolysis in the separate manifold experiments (I). Infrared data were obtained for the s\rnmctric species
(Figure 6d). Growth of IF 3 on photolysis with less F, could
arise from fluorine reaction with IF or I atoms liberated in F P
the initial fluorine-iodine reaction during sample condensation. F-11r ti-Fir
Finally, assignment of the 535-cm ' band to IF3 is in rea- tr I
sonable correlation with CIF 3 at 683 cm ' and BrF 3 at 597
cm I in argon matrices.'

The 526-cm Band. The 5 2 6-cm I band is by far the (Il and not the asymmetric species; however, the symmetric

dominant absorption produced by photolysis in the iodine- isomer is probably the stronger infrared absorber. It is also

fluorine experiments. This new species is expected to contain possible for ultraviolet photolysis to favor the production of

two iodine atoms, as it is probably formed from isolated 1, in one isomer and visible laser photol~sis to favor the other.

the matrix. It probably contains more than one fluorine atom. Isomerization could also occur by a dimer exchange mech-

since the best yields are obtained in excess-fluorine experi- anism.' The Raman observation suggests that an asymmetric

ments. The straightforward assignment for this band is to the Br.U2 species is also formed, but it does not provide a definitive

symmetric 11 F2 species. This assignment is in good agreement identification.

with tt'ose for CI,F. at 636 cm ' and Br,F 2 at 555 cm ', which Although the 675-cm band is markedly similar to the
werc the major products in their respective experiments, equatorial Br-F mode of BrF,. absence of the stronger axialh a d. Br-F mode for BrF3 at 547 cm ' rules out BrF, monomer for

The 499-cm ' Band. This species is present in considerably the present Raman band. However, this band increased on
lower yields in all experiments, as might be expected for a sample waring which suggests a dimer that presumably
species with either fewer or more fluorine atoms than the contains two BrF, species, but this is not a definitise iden-
dominant species. The position of this band makes reasonable tification.
a tentative assignment to 12F, following CI,F at 559 cm ' and
Br,F at 507 cm '. However, the continued growth of this band Conclusions
on successive photolyses, and the fact that it is favored relative Matrix samples containine fluorine and chlorine, bromine.
to the 526-cm ' band in the excess-fluorine separate manifold or iodine kere photol cd ,ind infrired ab,orptions werc
experiment, means that assignment to a higher fluorine species produced for ncw intcrhI.ilocn species. The mator absorption
such as 12F3 or 1,f:4 cannot be ruled out. IHigher fluorine in each stud% was .issmgned to the s.Nimetric XXI, molecule.
species are expected to be more stable in experiments vith analious it) XI Threc infrared band, have been attributed
iodine, as compared to chlorine or bromine. to ctc-h ol the 1. ind "(1,1 isotopic species. .\ sharp

Others. The broad. \eak feature centered at about 624 cim : t 0-. s"') 2-,ni ' doublet sas .istgned to the Bri - free
is slightly lower than the strong IV, absorpti )n, and it is ridtcol tic ne\ h.ind produ ed b% the mairix coconden sallon

reasonably assigned to this molecule. The small feature at 578 reict on o I .1 ri I , %s .,sincd to IF": , hich %kis con crted
cm I is present both before and after photol,,sis in separate t 11 h\ phiIsss in smples %ilh excess Iluorine. A
can experiments and onlN after photol.,sis in separate mamii ld siitnl.Ir\ ,it iwii,.ii ni[,xtcs for interhlmogen molecules in
experiments. This feature and a wAeak hand it 5 IS cm .,i-i 1 ri,- ii i' \s Ii I AIhc II Ihe production of these
present throughout the separate m;inifold experiments ire -1 &- i, ,,i,, siniciill,e of mechanisins involving
probably due to more stable species ich i cnoi Ie ienlltied Iliirinc .jimw mw ilion ithrimil the ,ol ri and the photo.
without additional informationi rc.iLtin it t.in dtr \\.i.i dilers. The oatrix alow ne.
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Table i. Vibrational Modes (cn -') for Intcrhalogen 1,F. 5X75 1-33-0; F2, 7782-41-4; C2, 7782-50-5: Br 2, 7726-95-6; 12,
Molecules in Solid Argon 7553-56-2.

Mode Cl-F species Br-F species I-F species References and Notes

X-F str Cl-F 770 Br-F 661 I-F 6 0 3a (I) (a) University of Virginia. (b University of Tennessee.
n2) J Maantov. F. J. Vasini, M. C. Moulton. D. G. Vickros. and T

Antisy X-F CIF, 578 b  
BrF, 569 C%1aek'a'wa. J. ('hem. Phys.. 54. 3419 (1971).

Eq X-F CIF3 754' BrF3 672c (3) F. S. Prochaska and L. Andrews. Inorg. Chem., 16, 339 (1977)
Ax. antisyni X-F CIF, 683 BrF 3  597 IF 3  535 (4) M. R. Clarke. W. 1I. Fletcher. G. Mamantov, E. J. Vasint. and D. G.
Ax, antisym X-F C,, F5  636 Br F2  555 12F, 526 Vickro,, Inorg. Nucl. (hem. Le.. 8, 61 (19721.
X-F' str CIF, 7 2 2d BrF 5  681 IF, 704 (5) (a) L.. Andrcws, J. Chem. Phys.. 48. 972 (1968); 54.4933 (1977) (b)
Antisym X-F CIF, 726 BrF, 636 IF, 634 ibid.. 51. 57 (1972).
X-F str CI 2F 559 (BrF 507) (1F 499) (0) L. Andrews. F. K. Chi. and A. Arkell. J. Am. Chem. Soc.. 96. 1997 (1974).
X-X sir C),F 464 (7) R. A. I'rc. R. I.. Redington, and A. L_ K. Aljibury, J. Chem. Phis..

54. 344 (1971).X-X-F bend ClF 270 (8) (a) . R. Lide and D. E. Mann. J Chem. Phvs.. S., 1128 (1956); (b)
a Deduced front electronic spectra.' b References 2 and 3. D. F. Smith, G. M. Begun. and W. It. Fletcher. Spectrochim. Acta, 20.

SReference 7. d G.M. Begun, W. It Fletcher, and D Smith 1763 1964) (c K. 0. Christe and E. C. Curtis. Inorg. Chem., 11. 2196
RCemeec. . , Begun, W.15F. S(1972).

J. Chten. Phys., 42, 2236 1.1965). (9) B. Rosen, Fd., "Spectroscopic Data Relative to Diatomic Molecules".
Pergamon Press, Oxford. 1970.

10) G. 10. Begun. W. Hi. Fletcher. and D. F. Smith. J. Chem. Ph's . 42.intermediate interhalogen species to be produced and trapped
2236 (1965).

for spectroscopic study. (II) H. Selig. H. IH. Claassen. and J. 1H. Iolloway, J. ('hem. Phys.. 52. 3517
(1970).
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6. APPENDIX 2: DIATOMIC INTERHALOGENS

(A) INTRODUCTION

Many of the physical parameters of chlorine monofluoride have not been well

determined. The gas phase infrared spectrum was analyzed in 1951, but the resolu-

tion was insufficient for precise evaluation of the rotational constants, and the

data were treated with reference to parameters calculated from earlier microwave
2

3,4 5and optical spectra 4
. The microwave spectrum was remeasured in 1955 , but in

both microwave studies some high order constants were neglected so that the reported

Be  and a e are in fact B + 3/4y e and a + 2y e. The data from these studieseee e ee

were recalculated in 1974 but the same truncation was used. The optical spectrum

was remeasured in 1968 7, and the optical, infrared and microwave data was reas-

sessed in 19758 in the context of the dissociation energy of ClF and other

halogen fluorides. The photoelectron spectrum has been reported 9 . There has been

a discussion of the sign of the dipole moment of ClF which has been resolved in
+ -10favor of the intuitive direcLion i.e. Cl F

In this work the infrared spectra of the 1-0, 2-0 and 3-0 bands of 35ClF

and 37ClF were recorded and analyzed. The constants we, W x and D were
eee e

precisely determined for the first time, while B and a agree with thee e

(corrected) values from the earlier microwave data.

(B) CHLORINE MONOFLUORIDE SPECTRA

The 1-0 (fundamental). 2-0 (first overtone) and 3-0 (second overtone)

bands were recorded and are shown in Figures 6.1 - 6.3. In addition in Fig. 6.1

a few 2-1 transitions (hot bands) can also be seen. The quality of the spectrum

obtained for 3-0 bands was poor. The only suitable inert cell had a pathlength of

10 cm, so that in order to observe this band a pressure of 1000 torr had to be

used at which substantial pressure broadening occurs, reducing the effective resolu-
-i

tion to about 0.2-0.3 cm . However the gross features of the band may be seen

including the R-branch heads for both 35CIF and 37CIF. At the resolution used

not all the lines in the 1-0 and 2-0 manifolds are resolved; some of the
35ClF and 37CIF features are blended. Nevertheless the position of lines up to

J=50 for 1-0 and J=40 for 2-0 were measured with a precision of about 1/20
-l

of the resolution, i.e. about 0.005 cm

(C) SPECTRAL INTERPRETATION

The symbols used in analysis of the data are defined in the equations;

E/hc = E /hc + G(v) + F(J)
e
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2 3
G = (v + 1/2) - w x (v + 1/2) + YeWe(v + 1/2)3...Gv e ee ee

2 2 3 3
F v(J) = B vJ(J + 1) - DvJ (J + 1) + H J (J + 1) .....

B = B - a (v + 1/2) - Ye(v + 1/2) .....
V e ee

Dv = De - Be(v + 1/2) .....

Hence B = B - i/2e - 1/2e - 1/4ye .....o e e e e

and Do = D - 1/2ae .....

The first step in the analysis consisted of the standard graphical plots
I1

allowing for checks of measurement errors and the initial assignments. The ground

state combination differences and upper state combination differences are shown in

Figure 6.4 while the combination sums plots are shown in Figure 6.5. A drawback with

this approach is that it requires specific pairs of lines, which, owing to the

blending problem alluded to above, may not be available in all cases. An approach

which does not suffer this constraint is generalized transition frequency analysis.

Here all the measured frequencies, in this case 197, are fitted simultaneously

using the number of variables appropriate. In this particular case the maximum

number of variables to be determined is seven, so that the problem is greatly over-

determined. Therefore a procedure is used that employs variable statistical

weighting for individual data points. After several refinement cycles some points

may receive zero weighting (typically a blended line whose apparent peak center may

be considerably displaced from the 'true' position). 186 of the original 197

lines were fitted with a standard deviation of 0.0062 cm 1 , which compares well to

the accuracy to which the lines could be measured.

Because only poor data was available for the 0-3 band, some of the higher

order parameters could not be determined independently, so that in this fit the

values of B and a were constrained enabling a realistic value of y to bee ee

calculated. Also in the fit the value of iC was con!;trained to a figure calcu-C

lated from a theoretical relationship between other parameters. The data in the

Table represent the best values calculated so far, hut are being refined further

and some small changes are anticipated.

(D) EXPERIMENTAL

Th 37
Chlorine monofluoride, with natural abundance Cl and (1, was obtai nd

from Ozark-Mahoning (Tulsa, Oklahoma). It was handled exclusively in a well-

passivated metal vacuum line, and difstillcd from a -126'C trap before use. ,amples

at pressures ranging from 20 to 1000 torr were contained in a 10 cm long stain-

4- i
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less steel cell equipped with silver chloride windows, sealed via Viton o-rings

with a light film of Kel-F grease. Spectra were obtained using a Digilab FTS

20/C/V interferometer at 0.125 cm-i resolution with appropriate (4mm-12mm

diameter) apertures, and typically 1000 to 2000 scans were co-averaged. The

beamspliter was a Ge film supported on a KBr substrate and a TGS detector was

used. Interferograms were transformed using 'boxcar' apodization and the resulting

single-beam spectra were interpolated using an 11-degree polynomial to allow

accurate measurement of band positions. The spectrometer was evacuated during data

collection, but small absorptions due to residual carbon dioxide and water vapor

were nonetheless detected. The spectra were calibrated using standard tables and V
referenced using the internal He-Ne interferometer.

(E) BROMINE MONOCHLORIDE SPECTRA 4
BrCl is another interhalogen for which only low resolution spectra are avail-

able. The problem is complicated since BrCl is in equilibrium with Br2 and

22C 2 at room temperature; the equilibrium constant for the reaction

Br2 + Cl2 v 2 BrCl is 0.15 . There have been two reports of the low

resolution infrared spectrum of the gas, both more than 25 years old, which agree in
-I

placing the band center at 439.5 + 0.5 cm . There have been several studies of

the Raman spectrum of the vapor and liquid 13 ,
15  the microwave spectrum has been

measured 6 ,
16  and in recent years work has been done on the UV -visible1 7 ,18 and

19 20
laser induced fluorescent spectra BrCl has been observed in matrices and

21
the pure solid has been prepared at low temperatures . It therefore seemed

appropriate to reinvestigate the infrared spectrum of the gas at high resolution.

The 1-0 band is shown in Fig. 6.6. This spectrum is a complex overlay of

four isotopic molecules - 79Br 35C, 79Br 37C, 81Br 35Cl and 81Br 37Cl - and since
-l

the rotational constant 'B' is of the order of 1 cm and the isotope splitting

is small all these bands overlap severely. The spectra have not yet been analysed

in detail.

(F) EXPERIMENTAL

The spectroscopic, chemical and physical properties of BrCl posed several

problems. In order to cover the range of the fundamental band (approx. 400-500 cm
-)1

with reasonable signal to noise ratios, a gemanium beamsplitter supported upon a
-1

CsI substrate was used giving a spectral range of 2800-250 cm . The usual window

materials used for corrosive halogen compounds (e._. AgCl, CaF NaCl etc.)do not

transmit in the 400-500 cm region, and polyethylene, a frequently used for - IR
-1window material, does not transmit greatly above 650 cm , thus making simulta-
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neous measurement of the 1-0 and 2-0 bands impossible. The solution chosen was

to use Csl windows. These are attacked by Br2 to give a thin layer of CsBr

and 12 on the window but further attack is slow and the transmittance is not

seriously diminished. BrCl was formed by mixing Br2  (Eastman, CP grade, dried

over activated alumina, degassed and distilled in vacuo before use) and Cl2

(Matheson, research grade, used as received) in the cells used. To obtain the 1-0

band the 10cm cell described previously was used. The pressure of gas in the cell

was limited by the vapor pressures of Br2 and BrCl. In this case 150 mm of Br2

followed by 150 mm Cl2 were admitted to the cell. Only an exceedingly weak 0-2

band was detected and therefore a longer cell was constructed. The long cell had a

glass body and the windows were held in place with aluminum end pieces and Viton

o-rings. The pathlength was 90 cm and so the cell had to be mounted exterior to

the spectometer, between the beamsplitter and an external carbon rod source. The

aluminum end pieces were slightly attacked by the halogens.
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7. APPENDIX 3

Iepritited f'rom the Iou roi of the A niericati (hem ica ISocietv. 10, 65.2f; 1978).1
Copyrig ht c1978 by the Amterican Chemical soetv anid reprinted bi; perm issiiiir of the co pyright m.wir

Infrared Laser lPhotochernistrv of brational modes excited, and the laser %avenumbers empio~ed.
Mlatrix- Isolatled Mlolecules Matrix ratios were in the range 1 00:1 to 40) 000:1. and slow%

spray-on techniques were used. Our observat ions of the effect,,
Sir: of irradiation are that no spectroscopic or visual effects %%ere

Two groups have reported Studies of infrared laser induced observed (a) for irradiation o1 pure argon matrices or I )%hlen
ploolritry ofnmatrix-isolated species. Turner etil.' have the exciting freqec a oeta 0cl-Iaafo i

exafmined reairrangements of isotopically labeled carbonvi absorption band. Irradiation of the matrix at a guest absorption
fragigents induced by radiation fromt at car bon monoxide laser frequency (or at up to 5 cm- ito lower %%avenumber) %%ih lo%%
in the l90() Lm region.Ithese authors have concluded'I' that energy density (0.4 J cm- ) causes "fogging" of the previousix

a singec molecule requircs absorption of only one photon to glassy matrices, and at higher densities (40).J crm-) causes
underao tsomleri/ation". Amlbart/umian et al.2 claim to have matrix destructioni with complete evaporation. Prolonged
obw~rv~d seletive dissociation of' '2SF, in argon matrices using photolvses have led to fracturing of the cesium iodide substrate.
a carbon dioxide laser operating in the 940-cm- region. They We are led to the conclusion that the spectra presented bs
estimate. thait each molecule absorbs energy corresponding to Ambart/umnian et al. shiow no conclusive evidence of disso-
about I f() quanta of CO - laser radiation.2t5 Some aspects of ciative photochemnistry but miaN simpl\ be initerpreted in terms.
their reported conclusions appeared unusual to us and we at- of differential evaporation of 3'S[:,. from the matrices.
tempted to reproduce their results and extend work in this After stubmitting this paper. we have learned that lDavics et
field. ill." have also observed apparent isotopic enrichment %% hen Sl ,.

We were surprised that no dissociated products were de- isolated in solid CO or Ar, is irradiated with a pulsed (C). laser.
tected using infrared spectroscopy,'b since for the species that The authors attribute this result to a spectroscopic artetact
miaN be produced (SI:4. S1:1,1, and S Es.) vibrational data are caused b\ the ablation of the matrix."
available.' A reported decrease in absorption due to ZS[:,, The vacuumi cryogenic and spectrosciopic equipment has
fromn -95 to -551%2ll would be expected to yield photoproducts been described previousIC. A. Lumonics TEA 10)3-2 (0, laser
having substantial absorbances. vias operated in the i O.(-p region \iith ani encrgx of 1 2 .1 per

We have carried out a series of experiments involving CO, pulse. Output modes %%ere monitored using an Optica ily?-
laser irradiation ot'varillus mnatrix-isolated molecules and have neering Model I OR ,pectrumt analx /cr.
not observed any evidence for dissociation or reaction in this
medium. fable I shows sonme of' the species studied, the vi-
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8. APPENDIX 4

Practical Aspects of Rapid Scanning Fourier Transform
Time-resolved Infrared Spectroscopy*'t

ARLENE A. GARRISON, R. A. CROCOMBE, GLEB MAMANTOV,* and JAMES A. de
HASETH
l'niersitty of Tennessee. Department of ChemstrY. Knoxvilh. Tenne. .se, :179161 (A.A._.. ".A. _.) and I 'a ,,r, eva oir
Alabaima. Department of ('hemistrv, Unjversty. Alabama .1546 (J.A.deH.)

The results of experiments designed to study the infrared spec- scanning Michelson interferometer are outlined.
tra of transient species produced by ultraviolet photolysis of Index Headings: Infrared; lnterferom.try; Time-resolved spec-
acetaldehyde are reported and analyzed. Spectra obtained in troscopy.
similar work [A. W. Mantz, Appl. Opt. 17, 1347 (1978)] are
critically reinterpreted. lhe evidence presented demonstrates
that insufficient attention has been given to the necessary strin-
gent control of experimental conditions. The consequences of INTRODUCTION
poor control are described and a qualitative explanation is
offered. This paper discusses, in particular, the production of Studies of dynamic systems and the characterization
spectral artifacts consisting of displaced (not folded) bands and (if reaction intermediates by infrared spect roscopy are ol
their previous erroneous assignments. Other practical aspects considerable current interest.' Of )articular interest to
of time resolved Fourier transform spectroscopy with a rapid this work is the utiizat ion of Fourier transform infrared

mtlhods Fl'- I in linle resolved spectroscopny. This
I echniqme wa.s originally developed for step s tan inl erfer-

ecived 27 December 197.oiettrv- and was later adapted to rapid scan methods

S'h.is work wape performed at !he- IU rve'rstv ofI T'cre-,e hv Mantz.' " In general, the rapid scan interferometric
t 're.,enl 'dto m art at the' ,I ~ I'tt.sleurghl ('eoif,'.r',., An ali'tIa tec'hniqute has a t em poral resolut ion of a few hundred
t'he.me~trv and Apphlw . lj.'.tr..pv. AtlagI .t'aiv. N.i. Mar. h . Peso l('roe'ondls or less . Ret'ent Iv. a tec'hnique of infrared

t Author top whom ,orre,,pondence should Is. braddrr,,d spectral photography, which involves the ulwonvrsion .

Volume 34, Number 4. 1980 APPLIED SPECTROSCOPY 399
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filter gave a usable spectral range of 3800 to 600 cm - . the band were only poorly resolved but appeared to have

Between 50 and 200 scans were co-added for each inter- a spacing of about 3.5 cm-. This frequency is reasonably
ferogram. A triglycine sulfate (TGS) pyroelectric bolom- close to that reported for P, of HCO in its electronic
eter detector was used. ground state." However, there was no evidence for v., of

B. Sorting Tests. Two types of tests were performed HCO, which has been shown to be a stronger band.' An
on the sort routine. First, one interferogram was dupli- intense acetaldehyde band 4 would overlap V2. It soon
cated n times, and this set was sorted and transformed became evident that the greater the variation of carbon
into n spectra. Second, interferograms obtained from gas monoxide pressure in the cell during data collection, the
phase samples at both the same and different pressures greater was the intensity of this band, implying that it
were sorted and transformed. In a typical test, interfer- did not arise from an HCO vibration.
ograms were collected from samples of carbon monoxide Accordingly, a series of pseudo-time-resolved experi-
at pressures of 50, 60, and 70 Torr in a conventional 10 ments (sorting tests) was performed to investigate this
cm cell using the spectrometer in its normal configura- phenomenon. When interferograms obtained from car-
tion. The parameters (e.g., I cm-' resolution, LP filter, bon monoxide samples at various pressures under cor-
UDR of 4, etc.) used to collect the test interferograms ventional conditions (i.e., no photolysis) was subjected to
and the time-resolved data were similar. These interfer- the KS sorting process, the transformed spectra generally
ograms were duplicated to form a set and then sorted showed many displaced carbon monoxide type bands.
and transformed as if they arose from a single KS exper- Fig. 1 shows a typical spectrum resulting from sorting 25
iment. A large number of such tests was done varying interferograms under conditions resembling our acetal-
the sample (e.g., CO, CO., H2 0), pressure, number of dehyde experiments. The fundamental CO band is shown
interferograms, resolution, undersampling ratio, etc. Ini- at 2143 cm - ', and displaced bands can be seen centered
tially the software for TR and TK modes did not function at approximately 1510, 1830, 2460, 2780, 2920. and 3080
correctly, and therefore no experiments were performed cm - '. These bands occur in "emission" or "absorption"
using these modes, mode, or in transition between these states. The bands

C. Reagents. Acetaldehyde (Eastman, reagent grade) at 3080 and 2920 cm are typical of "absorption". those
was degassed by vacuum freeze-thawing before use. Car- at 1510 and 2780 cm -' typical of "emission" while those
bon monoxide (Air Products 99.3%), helium (Air Prod- at 1830 and 2460 cm- display intermediate behavior. In
ucts 99.995%), argon (Linde 99.998%), and carbon dioxide the set of 25 spectra, individual bands independently
(Air Products 99.8%) were used as received, changed between these states but maintained their fre-

quencies. The components of these bands possessed the
II. RESULTS AND DISCUSSION relative intensity and spacing of the carbon monoxide

fundamental with a feature matching the P branch ap-
Mantz' " reported the observation of a well-resolved pearing at a lower frequency to that matching the R

emission band centered at about 3195 cm - ', which he branch. This is not the behavior observed when alias-
assigned to the HCO radical, during the flash photolysis ing"7 " or double-passing" occurs, as these phenomena
of acetaldehyde in the presence of carbon monoxide and result in folded (i.e., spectrally reversed) features. The
helium with gas pressures of about 7, 20, and 50 Tort, displaced bands appear at both higher and lower fre-
respectively. It was commented that the addition of quencies than the fundamental and therefore this is not
carbon monoxide enhanced the production of HCO at caused by a Nyquist sampling p 'The strongest
the expense of CH,. The flashlamp was operated in the of these bands is centered at 2460 cm-, and in our actual
range of 75 to 150 pps, and, using the TR mode, a

spectrum was recorded at the peak of the flash. The time
scale of such an experiment is on the order of an hour,
and because the sample was static in this particular run,"' qq[[li1pM"
the concentration of the products (mainly CO and CH,)
increased during data collection.

In experiments at Tennessee using essentially the same
equipment, but in "kinetic studies" mode, neither "emis-
sion" bands nor other evidence for any transients was ".
observed when acetaldehyde-carbon monoxide-helium
mixtures were allowed to flow through the cell under

carefully controlled conditions at pressures comparable
to those described by Mantz."' The flow rates and
pressures were maintained such that spectral absorb.
ances did not vary ky more than 2% throughout data
collection. A typical flow rate resulted in about one
change of the cell contents per single scan (i.e., about 30
changes/min), but this was deliberately varied by a factor
of 0.2 to 5 from experiment to experiment.

In several experiments the flow rates and pressures Fic 1. 17'-11 transnane(' s'ctnm from a p-,iudI,time requ-ved
varied during data collection. In these cases a weak -ximlf rment using carbon) m,,o(Ide 9a1ph.s lhL figure shows the ()

fiandarmental at 214:1 cn , and displace.d hands at higher and lower
absorption band with Pl structure centered at 2460 cm ' requencis exhibiting "enomlon," "at-rpimon." and intermedite e.-

was detected in some spectra. The individual features of havir
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of infrared frequencies to the visible region and photo- Data General five megaword disk. The time-resolved
graphic recording of the signal, has been developed; it hardware and software were purchased from Digilab,
has a temporal resolution of 5 ns.7 Although this upcon- Inc.8 The system operates in three modes: "kinetic stud-
version technique permits better temporal resolution ies" (KS), "time resolve" (TRi, and "time kinetic" (TK).
than the FT method, the latter is capable of studying a 1. Kinetic Studies. A key part of the spectrometer is
wider bandwidth and is commercially available.' It has the He-Ne laser reference interferometer which clocks
been noted that stringent control of experimental condi- 100 ps intervals. In KS mode the flashlamp is triggered
tions is necessary for the successful application of the FT by this clock and data points can be taken at 100 Ats
technique. " Evidence produced in this laboratory dem- intervals; however, an undersampling ratio (UDR) is
onstrates that insufficient attention has been given to normally used thus collecting data on every nth clock
this control, leading to the production of spectral artifacts pulse (n - 4, 8 etc.) and limiting the spectral range
and erroneous interpretation of experimental data. The available (e.g., to 0 to 3950, 0 to 1975, or 1975 to 3950
report of the infrared emission spectrum of the HCO cm -

1, etc.). In a typical case the lamp is triggered every
radical' is not consistent with existing spectral evidence, 20 ms with a UDR of 4, and data points are collected
in attempting to repeat and extend this work we encoun- every 400 ps for a total of 50 data points between flashes.
tered anomalous spectroscopic features. After the interferograms are sorted and transformed, 50

The spectroscopic parameters of HCO in its electronic individual spectra result corresponding to times of 0 to
ground state are well established. The infrared matrix 19.6 ms after the flashlamp trigger at 400 As intervals.
isolation work of Milligan and Jacox9 "' identified the 2. Time Resolve. In this mode only one spectrum
fundamental vibrational frequencies in a carbon monox- results at time r = n pus (where n is an integer) after the
ide matrix as 2488, 1861, and 1090 cm-' and found that flashlamp trigger. This delay is controlled by a 1 MHz 1'
the intensity ratios of these bands were .2 21,., = 4L,. clock.
Ogilvie' confirmed these results and extended the earlier 3. Time Kinetic. This is similar to TR mode except
work of Herzberg and Ramsay to derive the following" that three spectra result corresponding to r = n, n + 25,

Rotational constants (cm -) Fundamental frequencies (cm ) and n + 50 As after the flashlamp trigger.
A,. 22.37 Y, 2482 The infrared cell, flashlamp, and power supply were
B.., 1.494 1861 those described by Mantz in his acetaldehyde experi-
C.,,, 1.400, 1083 ment." This apparatus was supplied to this laboratory

These values have been refined using a variety of laser on a temporary basis by Digilab, Inc.' The flashlamp
techniques.'"' The time and wavelength dependence of power supply (Uvion Corporation) was specified to sup-

the photolysis of acetaldehyde has also recently been ply up to 5 kW raw dc power and to deliver a maximum

reported." of 20 J/pulse at a rate up to 60 pps into an EG&G FX-
The assignment of the emission band at 3195 cm-' to 65B-6 flashtube."' The lamp output consisted of a band

HCO by Mantz "6 appears questionable because: at 250 nm superimposed on a continuum.2' Although it

1. The frequency does not match any fundamental was designed to have a 10 to 15 ps wide current pulse,

combination, or overtone band of the HCO radical in the light pulse was measured as 60 to 65 ps wide at one-

either its ground or first excited electronic state." 12 third peak height using a Xenon Corporation model H

2. The spacing of the features in the band, estimated pulse monitor. The lamp was usually operated at 50 pps.
at 4 cm-' at the center from an enlargement of the Infrared radiation from a carbon rod furnace,2 " drawing

published spectrum, does not match any combination of 300 A at 8 V, was collimated by a spherical mirror into

the rotational constants." the interferometer. A 30 cm long, 50 mm diameter cylin-

3. The band is simple, implying emission from a single drical quartz cell' equipped with potassium bromide win-
excited vibrational state (v - 1). (lows was located exterior to the interferometer, between

4. No other expected bands (e.g., the fundamentals) the source and the beamsplitter. The interferometer itself

are reported, and their absence or presence is not dis- was evacuated while the flashlamp, cell, and external

cussed. optics were surrounded by a lightproof box purged with

5. The power developed by the flashlamp appears to dry nitrogen. Samples were pumped through the cell:

be inadequate to generate a sufficient quantity of HCO both the individual inlet end the outlet flows were con-

radicals per flash (vide infra). trolled with micrometering valves, and the pressure in

Based on experimental and theoretical work in this the cell was monitored with a Robertqhaw Bourdon

laboratory, this paper reinterprets the published spec- gauge. Data collection was started only when several

tral, "" ; to show that infrared bands assigned to transient successive spectra taken with the flashlamp in operation
species are spectroscopic artifacts. The practical prob- showed that steady pressures had been attained. Un-

lems of time-resolved spectroscopy using a rapid scanning sorted interferograms were transformed during the ex-

interferometer are discussed. periment to check that these pressures had remained
constant. Although the cell was equipped with an outer

I. EXPERIMENTAL water jacket for cooling and filtering infrared radiation
emitted by the flashlamp,' " this was found to he unnec-

A. Time-Resolved Spectrnsenpy. Spvctra were oh- essary in our experiments and instead a dry nitrogen
tamed using a Digilab FTS 20C/V spectrometer. This atmosphere was maintained in this jacket.
system includes a rapid scanning interferometer'" with Spectra were usually collected at I cm-' resolution
0.125 cm" maximum resolution, a Data General Nova 3/ using a germanium heamsplitter on a potassium bromide
12 minicomputer with 32 768 words of memory and a substrate. A 1I)t of 4 combined with a long pass (LP)
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filter gave a usable spectral range of 3800 to 600 cm - '. the band were only poorly resolved but appeared to have
Between 50 and 200 scans were co-added for each inter- a spacing of about 3.5 cm '. This frequency is reasonably
ferogram. A triglycine sulfate (TGS) pyroelectric bolom- close to that reported for P, of HCO in its electronic
eter detector was used. ground state." However, there was no evidence for v, of

B. Sorting Tests. Two types of tests were performed HCO, which has been shown to be a stronger band.' An
on the sort routine. First, one interferogram was dupli- intense acetaldehyde band 4 would overlap t,2. It soon
cated n times, and this set was sorted and transformed became evident that the greater the variation of carbon
into n spectra. Second, interferograms obtained from gas monoxide pressure in the cell during data collection, the
phase samples at both the same and different pressures greater was the intensity of this band, implying that it
were sorted and transformed. In a typical test, interfer- did not arise from an HCO vibration.
ograms were collected from samples of carbon monoxide Accordingly, a series of pseudo-time-resolved experi-
at pressures of 50, 60, and 70 Torr in a conventional 10 ments (sorting tests) was performed to investigate this
cm cell using the spectrometer in its normal configura- phenomenon. When interferograms obtained from car-
tion. The parameters (e.g., 1 cm' resolution, LP filter, bon monoxide samples at various pressures under con-
UDR of 4, etc.) used to collect the test interferograms ventional conditions (i.e., no photolysis) was subjected to
and the time-resolved data were similar. These interfer- the KS sorting process, the transformed spectra generally
ograms were duplicated to form a set and then sorted showed many displaced carbon monoxide type bands.
and transformed as if they arose from a single KS exper- Fig. 1 shows a typical spectrum resulting from sorting 25
iment. A large number of such tests was done varying interferograms under conditions resembling our acetal-
the sample (e.g., CO, CO., H.,O), pressure, number of dehyde experiments. The fundamental CO band is shown
interferograms, resolution, undersampling ratio, etc. Ini- at 2143 cm-', and displaced bands can be seen centered
tially the software for TR and TK modes did not function at approximately 1510, 1830, 2460. 2780, 2920, and 3080
correctly, and therefore no experiments were performed cm-'. These bands occur in "emission" or "absorption"
using these modes, mode, or in transition between these states. The bands

C. Reagents. Acetaldehyde (Eastman, reagent grade) at 3080 and 2920 cm' are typical of "absorption". those
was degassed by vacuum freeze-thawing before use. Car- at 1510 and 2780 cm ' typical of "emission" while those
bon monoxide (Air Products 99.3%), helium (Air Prod- at 1830 and 2460 cm-' display intermediate behavior. In
ucts 99.995%), argon (Linde 99.998%), and carbon dioxide the set of 25 spectra, individual bands independently
(Air Products 99.8i7,) were used as received, changed between these states but maintained their fre-

quencies. The components of these bands possessed the
II. RESULTS AND DISCUSSION relative intensity and spacing of the carbon monoxide

fundamental with a feature matching the ' branch ap-
Mantz reported the observation of a well-resolved pearing at a lower frequency to that matching the R

emission band centered at about 3195 cm-', which he branch. This is not the behavior observed when alias-
assigned to the HCO radical, during the flash photolysis ing'- '" or double-passing ' occurs, as these phenomrena
of acetaldehyde in the presence of carbon monoxide and result in folded (i.e., spectrally reversed) features. The
helium with gas pressures of about 7, 20, and 50 Torr, displaced bands appear at both higher and lower fre-
respectively. It was commented that the addition of quencies than the fundamental and therefore this is not
carbon monoxide enhanced the production of HCO at caused by a Nyquist sampling problem.'- '" The strongest
the expense of CH 4. The flashlamp was operated in the of these bands is centered at 2464 cm ',and in our actual
range of 75 to 1,50 pps, and, using the TR mode, a
spectrum was recorded at the peak of the flash. The time
scale of such an experiment is on the order of an hour,
and because the sample was static in this particular run, "

the concentration of the products (mainly CO and CH4 )
increased during data collection.

In experiments at Tennessee using essentially the same
equipment, but in "kinetic studies" mode, neither "emis-
sion" bands nor other evidence for any transients was
observed when acetaldehyde-carbon monoxide-helium
mixtures were allowed to flow through the cell under
carefully controlled conditions at pressures comparable
to those described by Mantz. ' ' " The flou rates and
pressures were maintained such that spectral absorb-
ances did not vary by more than 2% throughout data
collection. A typical flow rate resulted in about one
change of the cell contents per single scan (i.e., about :30
changes/min), but this was deliberately varied by a factor ..

of 0.2 to 5 from experiment to experiment.
In several experiments the flow rates and pressures Fi, I FT IItfransmlttane siptrnuni fr,,n a psrudu 1nm ri'eolved

vx'terif1tflI ii-ing (,Artn "m ,,nt I, itIv This T fi u . ,how. the (()
varied during data collection. In these cases a weak fiundamental at 2141 1m ' And diplaed hands at higher and lower
absorption band with Pit structure centered at 2460 cm ' fre,.uaencies exhitming "emLwwn." "aliurritun." and intermediale h'.
was detected in some spectra. The individual features of hav,,,r
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time-resolved experiments other artifacts were either too
weak to be observed or obscured by acetaldehyde bands.

A second pseudo-time-resolved experiment was per-
formed using carbon monoxide samples and parameters
conforming as closely as possible to those of Mantz's
acetaldehyde experiment.'" A displaced feature was ob-
served, a well-resolved "emission" band centered at 3195
cm-'. Fig. 2 shows the band obtained, and Fig. 3 dem- .
onstrates the close similarity of this displaced band to
that observed by Mantz.'" In view of the static nature of
his experiment,2' the concentration of carbon monoxide
(produced by acetaldehyde photolysis) increased during
data collection. We attribute the appearance of the band
to this increase and conclude that the band is not due to
a transient species. It is significant that it was reproduced
despite differences in experimental conditions (e.g., ab-
sence of acetaldehyde, use of a slower detector, etc.). (a)

The phenomenon of displaced bands may be explained
by examination of computer-generated interferograms. A

67

- 4

{b)

6 Fi(;. 4. a. One of the set of cosine waves 1) An Irregular %aveforin

3300 3efe 3100 produced by the KS-type sort. (See text.p

Fi;. 2. Part of a T-IR transmittance spectrum from a pseudo-time- simple model of the interferogram corresponding to a
resolved experiment using carbon monoxide samples. The displaced single narrow spectral line is a cosine wave.17-1 This is
CO band is centered at 3195 cm illustrated in Fig. 4a, where the cosine wave has been

sampled at a frequency much greater than that of the
signal itself. The amplitude of the cosine wave is deter-
mined by the intensity of the absorbance. The criterion

h. for a faithful representation of this cosine wave in sorted
A "interferograms is simple; its amplitude in each of the

I TI unsorted interferograms must he identical. This case was
simulated in the laboratory when a single interferogram
was duplicated n times, the resulting set sorted (as if the
interferograms had been produced in a KS mode exper-
iment) and transformed into n spectra. The resulting
spectra displayed an increase in noise over a spectrum

, ( obtained from the original interferogram by less than
0.1"l. On the other hand, if the absorbance of the single
frequency considered in this simple case varies, then the
cosine waves to be sorted will have differing amplitudes.
The sorting of such a series results in an irregular pattern
in place of the simple cosine wave. This was demon-
strated as follows: 10 c-osine waves, all having the fre-

.... ....... ............ tienCv of the one in Fig. 4a hut differing amplitudes.
30 -ter lm b ')rw .m.n were computer sorted as if they were KS interferograms

Fitc, 3. Top t-r- I H peiitrum Ilanm,.d to sh, w IWOt( radic al iii *'rmsnti.

and r. of methane in aie.4rptan (orinn Mat/ I lioom liwa,,( Fig. 41showsone ofth( sorted interMontrograms. This tIvpd
carbon monoxde.r l Irannnulan, s- taeeirom from gselo ine. of pattern will he tratisformed as a composite of two uir
re,lvmi experim.nt more freqItiencies, whit-h leads to the extraneous spwctral
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features. The introduced frequencies may constructively 7 ,

or destructively add to the genuine frequencies in tho
bandwidth leading to "emission" or "'absorption" band,,
in the transformed spectra. In the more general case, the
interferogram representing a spectral absorption band is
actually a series of cosine waves. When an absorbance
variation occurs in a time-resolved experiment, each
member ,of the entire series of cosine waves is shifted in :GO
unison; hence, the band is not folded. The actual number
of displaced hatids and their relative positions depend " IiI
upon the number of dissiinilar interferograms sorted, the a
absorbance change, the rate of that change, and the
undersampling ratio.

It has been observed that this displacement effect is
most apparent when variations in the pressures of species
that give rise to sharp bands are encountered and is more s.
pronounced with increasing spectral resolution. Our stud- 320 So", 28E 1-66 2400 2200

ies indicate that, for a 50% absorbing band having ob- wAVENMERS

servable rotational fine structure, fluctuations must be Fri. 5. FT-IR absorbance spectrum from a pseudo-time-resoke&d ex-
periment using carbon dioxide samples. This figure shows rt (() at

kept below +2% absorbance when working at I cm - ' 2:34Scm ',and the displaced hands at 313 and 2750) cm areindicated.
resolution. Finer control may be necessary in some in-
stances and will be required at higher resolutions. For when a germanium beamsplitter supported on a cesium
species that give broad, unresolved bands greater toler- iodide substrate was used. It appeared that the soft
ance may be allowable, but undulating baselines in sorted substrate gradually deformed even when maintained at
spectra will result. We have obtained reasonable spectra a constant temperature in a vacuum.
using a compound that varied in absorbance by ± 2 5 ;4
which has bands 50 cm ' wide at half maximum. III. PHOTOCHEMICAL CONSIDERATIONS

The above conclusions apply riot only to the pressures
of reactants and products in a time-resolved spectroscopy Although photochemical parameters will var great ly
experiment but also to the pressures of other absorbing from system to system, a few generalizations can he
species present-e.g., water vapor and carbon dioxide in made. In order for a moderately strong IR absorber such
a purged instrument. This was noted by Durana and as CO to be detected in the gas phase hy Fl'-ll{ spe-
Mantz (Ref. 1, p. 43), but the effects were not character- troscopy at I cm 'resolution, a piressure tifalroxini:itelv
ized nor the implications fully realized. The spectra oh- 0.1 Torr in a 30 cm long single-pass cell will be required.
tained by Mantz in the study of acetone photolysis, ' in At higher resolutions, or with the use of longer or multi-
which the spectrometer and external optics were not pass cells, this figure would be lower. The qultantitI of a
purged, display a transient band at 3138 cm '. This was transient species that can he produced iy a single ['V
assigned to ketene,' but a closer examination reveals the flash depends upon lamp characteristics (energy per
similarity between this band and v:, of carbon dioxide at pulse, spectral distribution, focusing efficiency ltc. e . cell
2348 cm ' in the same spectra. On performing a pseudo- properties (transmission, reflection losses. pathlength.
time-resolved experiment with a varying pressure of C,, etc.), molecular parameters (absorption coefficient and
using the parameters of Ref. 5. this band is clearly its variation with %avelength, quantum yield for the
reproduced (Fig. 5) along with a weaker hand at 2751 production of the species of interest and lifetime of that
cm ', also just discernable in the published spectra. ' The species), and the pressure(s) of the precursor.l" in the
strange features observed by Mantz between 250M and cell. As the experiment detects transient.s in the presence
2800 cm ' (Fig. :3 of Ref. 5) which vary between "emis- of the starting materials., increasing the lressur of the
sion" and "absorption" can now he explained. These may precursor or use of long andi multi-pass cells %ill not be
be reproduced by varying the pressure of water vapor an advantage if the transient species absorbs at similar
and correspond to the large, complex P,2 hand of water frequencies to the precursor. It is therefore difficult to
vapor centered at 1W0) cm '. estimate the flashlamp power that is required in a part ic-

In a more general case the large spectral range of water ular experiment, but some observations can be niade
vapor absorption bands 410) to 3400, 2W) to 1200, and regarding the source used by Mantz.i "
600 to 50) cm '), their intensity and superficial irregularity As there was no vertical scale on theil puilished spec-
will produce, when displaced and overlapped, fine base- trum in the acetaldehyde study, static experinlents were
line fluctuations. Therefore, when purge conditions vary performed to estimate the quantitv of methane produced
slightly during the experiment, this will result in a high per flash. In one such experiment the 30| cm cell was
apparent noise level in sorted spectra. filled with 5 Torr of aceltahdeh'%de. 'his sanple was

We have observed that lack of stability in other areas subjected to 70(XX) flashes from the lamp, and the sj)ec-
of the time resolved experiment (an lead to a variety of trumn of the (ell contents was then taken at I cin
spectroscopic problems. In particular, it has been found resolution. This spe'ctrum lFig. 6? clearly shos tie r,
that a change in the location of the infrared centerburst band of methane, one of' the stable produlcts. and the
with respect to the white-light trigger can produce band height of its Q-branch at 3t019 cm ' was measured to be
harmonics fRef. I, p. 55). This wits particularly noticeable .:12 absorhance tinit It can be0 seen that the riethane
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so absorbances of reactants cannot be temporally monitored

during the collection process.

IV. CONCLUSIONS
It has been demonstrated that the results of the time-

resolved experiments previously published" have been
misinterpreted owing to the production of spectroscopic
artifacts. The features in question were caused by pres-
sure fluctuations during data acquisition and are not
related to transient species. A large and varying number
of artifacts can be produced in this manner in apparently
random positions. The flashlamps used in the reported
studies'-'" were not powerful enough to produce a suffi-

________________________________ cient quantity of products per flash to be detected by the
92 14,3.. 29e FT-IR spectrometer used. It has been emphasized that

AVENMERS key parts of the experiment are the fine control of pre-
FIG. 6. FT-R absorbance spectrum of photolYzed acetaldehyde sam cursor pressures, purge conditions, and maintenance of
I)Ie showing Ps of methane. The arrow indicates the smallest clearlY interferometer stability.
discernable feature, at 31157 cmi With these careful experimental controls this type of

time-resolved spectroscopy should be a viable technique.

line at 3157 cm-' is the weakest feature (0.025 a.u.) that Alhuhermnainofsaiqssesinwicbre
can be clearly distinguished above the noise level (about vesile products, are formed will Yield misleading data,
0.01 a.u.). Therefore, assuming a constant conversion per studly of rapidly reversible perturbations from equilib-
flash, it emerges that about 2(000 flashes would be re- rium should be possible. A study of compounds with

quird t proucean oserabl quatit of ethne, greater photochemical sensitivity than acetaldehyde and
but for the time-resolved experiment to succeed this actn ih the use of a more powerful flashlamp is in
amount must be produced per flash. Thus, it is apparent progress.
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